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FOREWORD

The Electronic Properties Information Center (EPIC) was established in June 19€¢1,
at Hughes Aircraft Company, Culver City, California. It is operated under centract
with the Air Force Materials Laboratory, Research and Technology Divisicn, Wright-
Patterson Air Force Base, Ohio. The contract was initiated under Proiect No. 7381,

Task No. 738103, with Mr. R.F. Klinger acting as Project Engineer.

The EPIC Information Analysis Center is a centcr for the collection, review and
5 analysis of the scientific and technical literature on the electrical and electronic
. I properties of materials. Its major function is to evaluate, compile and publish the
experimental data from that literature. Through the medium of a series of publica-
K l tions such a3 Data Sheets, Special Reports, State-of-the-Art Feports, Computer Bib-
liographies, and services including special studiés, answers to technical inquiries,
_2; { research support is provided to the Dol comm nity. EPIC input is primarily from thé
'; l open literature. A large number of abstract journals, in addition te about 40 other

journals, and the unclassified report literature are completely searched,

This report consists of the compiled data sheets on niobium alloys and com-

X _ pounds. A full list of CPIC publications to date appears at the end of the report.

The auther wishes to ackuowledge the contribution of Mr. E. Schafer in the

i prespublication revicew of the compilation. The supporting assistance of other

members ol the LPIC stafs, in particular, Mrs. J. Porest, Miss Sharon Bender,

v ! Mro W,u, Hodge, and Mrs. Meta Neuberger, is gratciully acknowledged.
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ALSTRACT

These data sheets present a compilation of electronic properties for superconducti-
ing properties including transition temperature, critical field, critical current, elec-
trical resistivity, and magnetic nysteresis. Electrical properiles include conductivity,

dielectric coastant, Hall coafficient, mobility, and thermoeiectric effects. Emission

data have beeu broken down into the varied electron and photon emissions. Work functions,
absorption, magnetic susceptibility, specific heat, Debye temperaturc and thermal conduc-
tivity data are also given. Each property is compiled over the widaest possible range of
parameters including bulk and film form, from references obtained in a thorough literature

search.

This report has been reviewed and is approved for publiication,

zﬁd%;a%u | .

Emil Schafer
Assistant Head, Electronic Propertie. Information Ceriter

a I s !
(3ohn W. Atwood
\Ppojcct,Managcr
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INTRODUCTIONM

The dars given for nicbium allcvs and conpounds in this publication are presented
according t°,th?.?°?19“! rathsr than the group, of those elements added to niobium,
Within thé §epiodic nature of the arganization some of the systems have been grouped to-
gether, such as niobium buride and nlobium carbidc. Thie has bean done whers the dsta
on systems of nelghborlig elements are suitable for comparison. Most of the data are on
the binary systomu; however, available data on toraary nichium syatems are giver when

available and pertinent.

The supercouducting propertias of thezo systems aro of primary concern and are pre-
sontad first, followed by other data available. Some systems auch aun nicbium-tellurium
do not g'iow evidence of being superconducting at any temporaturs, still thy semiconduc~

ting data aro given for completencss.

None of the data ¢n nlobium-tin or nlobium-zirconium are {ncluded in thia bﬁblica-

tion. FKach of thuno systems is boling compiled oeparately and will be issued later.

Ap the data on these verious systems arae presunted, every offort has buen made to
provide sample spacificationo where they are avallable. OCne particular msthod Ls used
for niobiuﬁ-motul alloys; that la whore the samples are arc meltsd on a woter cooled
cennhar houpth snd thap vemalted saveral times to oﬁtain homoponsity. ‘This has houn ro-

forrad to an tho "standara" sample preparuticn in some of the captionu.

v

One other method of uample pécparotlon has bees, used to investigate the forming of
materials wlth78~tungnton ptTucture and with a high denaity cof etatas. Tha UC1 tranec-
poi't method started with eintered NL3H neterials. [(he cold zone wa3 kept at 800-900°C
and the hot zone at 1000-1190°C. The resulia are ¢ iven bolow for two nl?Pium compounds,

tha other data are prosented in the body of this publicetion,

.n:-j-_‘_i\.,,__,
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Compound Crystal type ' Lattice constan? ao(A) Tc K }
Nb,Ag | Cuphu : 4,207 - ~
L] o 4.2 1
Nb3Cu 4,2 J

(Ref. 218u43)

Compiling these cdata from as nany sourcec as possible, it has often been necessary

to change some parameters so that they are compatible with others. One example of this

ia in the method of measuring the amount of the element added o niobium. The two most

commnon methods are woight percent and atomic percent, the conversion factors beti.een

thea» are taken from ASM Metals Handbook, 19ug,

1 . 100
, y 3 ._..-,.._00" , X = ———-——y ,
x + 8 (100-0) y+ } (100-y)

whero x is the weight percent and y is the atomjc percent. A common notation for atomic

¥ péfcontaae is aq‘follows:

Kb, Ta, . or Nb.SST

55 %ys a5

' other than this, at .% or wt.% is used.

The generalized subacript x is often used to replace the numorical values; Nbl_’Gex

is just another method of uaing atomic percent notation when x takes on spocific values.

Howevar, when the notation Nbe is used, this is not the atomic percent notatlon; when

wae .5 {.e. Nbl o€ g the carbon content i{s in reality 33 at.%. The following nomogram

aids {n these conve¢rsions.

' B Nomogram for conversion ™
' ' to atomlc percent B in ~ 60 —pr——— T T T
: A Bt a | J
i 1'% -
X v ‘ylﬁ |
. 4y 1-x' "o
vl ere x ia the sulscript o r 7
for the solute, and y ls v 201 : .
the atomic percent, '6 e .
& U WS VN0 N WO WD SN B |

W ? A 0 N J.o
Soluto vubscript, »

e ST N

L_
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Another notation u;ed in reporting the composition of niobium allcys and compounds
{s the ratio of the additional element to niobium; an example of this is C/Nb, If this
is the atomic ratio, the value is easily converted to atomic percent, an atomic ratio
C/Nb of .5 §8 S0 at.% carbon. Occasionally mole ratio C/Nb may be given when in rezlity

atomic ratio is intended, when this is done, an attempt has been made to clarify.

The crystalline natuve of the niobium systems is of great importance in determining
the properties they exhibit. This is one of the reasons why much attention has Leen
glven to phase diagrams and lattice parameters. The three main crystalline structures
which ghow superconductivity are B-tungsten, a-manganese, and sigma. BEelow is a graph

which shows those elements which are favorable for solid solubility in niokium,

e
2%
23
2
The shaded band covers the w 18
range of radii favorablw a7
for extensive golid sol- W o1s
ubility in niobium o
9 1.3
[Ref, 21851) g U
X 09
, 0.7 |- SECOND FOURTH FIFTH S$IXTH " SEVENTH
PERIOD PERIOD PERIQD PERIOD PERIOD
[oX. B o ;EIRD
' ERI0D i
o'allllLllJllllllLIJl—i |

0 5 1016 20 2530 35 4045 80 8560 6970 75 80 €3 90498
Atomic Number

Diroctly corrclated tc the composition and crystalline structure of the niobium
systomy {n the volence electron/atom ratio. The two following graphs show the transi-

tion temperatures as a function of this ratjo for varlous systems in different struc-

v

tures.
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In a 1863 paper, DeSorbo reports the effects of composition and structure on su.er

conducting propercles. The followinz graph shows d'!‘c/dc plotted against ca/dc where c

is the concentration and a is the lattice parameter.

one of the factors affecting the properties of the system,
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The size of the solute atom is

The rate of change of transition temperature with composition
as a function of change of lattice parameter.
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' NIOBIUM AL:i.OYS AND COMPOUNDS

NIOBIUM--HYDFOGEN

GENERAL
Niobium hydride shows a trensition temperature near 9°X with low hydrogen content.

This temperature vaiue decreases as the hydrogen content is increased ond has a value

{ cf abcut i2°K at Nby oH; o,
l Two distinct phases are found for the niobium-hydrogen system, &n a phase up to 10
, at.% hydrogen and B-niobium hydride phase above 41 at.% hydrogen. The ranges represented g
A
} l. by these phases are given by Brauer and Herman [Ref, 203281 and Trzebiatowski and .
[ Stalinski [Ref. 20575]. ‘

Some disagreement exists over the nature of the 8 phase. Brauer and Herman (Ref,
20328] cite the lettice constants for an orthorhombic structure, but also interpret this
{ phase as distended cubic, Szmsonov and Anmonova [Ref, 20333] substantiate this latter

symmetry in the uu4 to 51 at.% hydrogen region.

bt nd
———
3
- SV

L .
[ b+ ~ . 5
. Solupility isobar for hydrogen at 'i? ‘\\&\\&
1 atmosphere, in niobium (98,5 wt.% 2 a0 ,
i pure) [Hansen Fig. 434; taken firom: ; A
| Sieverts, A. and H. Moritz. Z FUER € \\ .
ANORG. UND ALLGEM. CHEM., v, 2“7,‘ I !
( 1941, p. 124,] . g 3 \ 1
v [ C s
L ot i
' 20— b
g 5 i
{ . < o} 5
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0 200 40C 600 800 (000

]; ' 7 Temperature, T (°C)
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NIOBIUM-HYDRGGEN
GENERAL
Mole ratio H/Nb
Phase diagram for niobium-hydrogen system.
48.5 at,% H is the maximum hydrogen con-

tent used by Drauer and Hermwan.

# Brauer and Herman [Ref, 20328]

0 10.0 41.0 48.5%
0 3.1 36.4 6.0t

+ Trzebiatowsii and Stalinski {Ref. 20575]

Pseudo cubic (orthorhombic) drawing
of B-niobium hydride structure, NbH 44

a = 8 = 90°,

(]

Y 89,u°

c, = 3.u5

{Ref. 20328]

Lattice constant for the cubic B-MbH

?stant , A
)

o

-3

o

1

[

9= sart —- as a function of hydrogen content.
§ e} ) ' " [Ref. 20932)
LY . ! 1 L -

42 44 46 48 50 82

4*.om percent Hydrogen
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, Sectien 1 1 _
o NIOBIUM-HYDROGRE - u
TRANSITION TEMPERATURE : L
’ !
v ‘
Q
= [
o
=
hal .
: |
od » !
9
W
4 0 - [
5 5.0 €0 70 B8O 9.0 \
Temperature, T (°K) L.

Transition curves of four niobium-hydrogen systems,

1) 0 at.% R 3) 9.89 at.% H
2) 5.06 at.% H 4) 32,76 at.% H [Ref. 9299) s

Hydrogen pressure (Terr)

’, H
3 1S 20 30 54 100 125 150 200 { '
1.00 T T T T T -
— —
3 - N i
g [ . 5
~ - 1 o
; Q.rs : ,/ R
- - / - Y
u ' » ) L
k L) — ’ N -4 ' .
& . '
& 050} / ~
] - / - ;
$ - / - z
2P ] -
. i / N
,;,; 0.2 |- , N -
-4 - ’/ : L
-, ] .
0.0 A L0 i v a1y f‘
12 13 14 5 16 T
| Temperature, T (°K)
Transition curves for niobium hydride, I = % milliAmp, H = O. '
1
- « = - rising,superconducting+normal : .- ~
LR KT 3 - {‘
«e———— failing, normal+superconducting - {Ref. 20330] [
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NITBIUM-HYDROUEN

MAGNETIC HYSTERESIS

Magnetization -4
(kGauss)

N i
30 L3} 50
Field strength, H (kGauss)

Magnetization for niobium-hydride. Data taken at 4.2°K, Sample
preparation: niobium heated in 10-8¢ mm Hg at 800°C.

— = == H/Nb <0,30
- ~ == H/Nb=0.,28
H/Hb = 3,45 21040]

=
(=]

&
o

Hagnetization -LIM
(kGauss)

1 1
10 20 3.0

(=4

Field strength,H {kGauss)

Magnetization for nicbium hydride sample prepared by cathodic polarization.

-~ = - - 0,16 Amp/em, 25 hours:single crystal
e 0,16 Amp/cm, 25 hours: pelycrystalline

[(Ref, 21040}
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Q700
4 600
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NIOEIUM HYDROGEN

SIECTPAL, EMISS1ON

[Ref, 19871]

intsgral intensity of Lgo bands for a niobium hydrogen compound, taking Lgy lire

for Np as unity,

Comgound
Nbe

ngcnsitz
1,06

(Ref, 163u7]
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Electrical Nesistivity and Thermal Conductivity

200.0 0.30)
- 30261

NIOBIUM-DERYLLIUY
Compound Electricol Realstivity
. (ufl-cm)
1 4]
NbbDe, - §5,5 166.6
Nb2B°l7 - -
Kbole) - -

NICBIUM-ZIRCONIUM-BLRYLLIUM

NbeI‘QBOB . >
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& e A s Bt MR e et o 04 e ot 1

Thermal Conduotivity, K

Helt!nﬁ Point

(H/cm®K) T, (°c)
0.326 1090
0,343 170%

. R Y [

v

Transition Temperature

Te * §.2°K
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Seotien 2 :
NIOBIUM A'.LOYS AND COMIOUNDS

NIOBIUM-BURON AND NIOBIUM-CAKBOK SYSTEMS
GLHERAL

Ni-D Nisbiwn comblines witn buron and forme three Jdlstinct compounde, NLB, Nb3ﬁk.
and NbBy  Only tha monoborlde uhuwn a Jevurable transltion tempovature in the $-0°K

range.

Andarsson and Kiesuliop [Hef. 11917) havae {dentifjad two rhasan a1 abuut
10 at.% boron which thay call 8 and A', Tne tirst ¢f thege seonc to be stable at re~m
temparature while the lattar lo steble only au highnr temparatures, 7These authors
clafn a primitive iublc lotttce for the #' phase with a, & 4,210 R. wnother phase, A"
{s ldentified by Anderveon and Klesullng Latweon 20 and 3% at.% boron. brower, et al
(Re'. 19752) supgavt that thic A might be a Nblg phave contalning 25 at.% beron. Kby
wao nhoted along with NL and NLD after heating a 7% av.% boren esample for 0 miputes at
1050°C, but was nct found in two oth: vt sampleas with 20 and 33 at.V boron Leated for W7

minutan at 19H0YC and 10 minutens

>

-
s
'z
S
-
<
=

reanectively. Tn further axper ments aw

the borun approached the 40 at.% lovel a Nbby, phaaa wan fdentitied by Prewer, et al,

in aomples prepaved at 1530°C for 21 minutes and 1810°C for 9 minutas. The borun coum-

“ponenut m aad n s not Identlfiable fn afthar of thaen phases and nv lattice conntants

arg plven for eithor of them or fov Hbyh,

The monoborida fn the niohiuk-buren gystem shuww ¢n orthechoabin Stiraciveg
- i

and {8 {uotyple with Crb awd o, This sama orihoriouble atpuctive sarr.ay on Fhvpu“h
. L i \:

to the NbaBy compound which Lo {sotyple with Tagby, Ae the boron content fnirausas,

the uyntem reacima the Mbliy compeund with & hoxagona) asauciwts pf the ALy (€ 32) type,
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f Seotien 2 e \

NIOBIUM~CARBON ’ b \
GLNLRAL i

Nb-C Foth the "mono" and "sub" carbides of niobium have transition temperatures .
in the €-10°k range, and show strong dependence on tho carbon cuntont, Naar the 3J at,% !'

carbon region (NuCp,g) an increase in the carbon percentage by 0.66 at.% sends the
transition temperature to leus than 2°K, Likewiso nuar the 50 at.% region a dacroasc -
in the carbon prrcentage to about 45 at.b (NbCy ggy) drops the transition temperature {
to lous than “9K. Thin dependence upon carbon contant {s noted evan though those two

conpounds exhibit differant crystalline siructures. ‘ [?

Brauer, et al® claim NbyC to ba homogenaous betwean 25,9-33.2 at.% carbon i
and NLC to be homopeneocus botwaen 41,9-%0,0 at.% carbon, The tranafiticn temperaturos,

howsver, do not yeflect the hunogenglty of thono phasov.

-

* Draver, G., H. Renuner, and J. Warnet, Carbides of HiolLium, Z, VLR ANORG, UND ALLGEM,

-

CHLM, y vy 277, 2944, p. 249=247,
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NIOBIUM-BCRON

GENERAL

Weight percent boron

0 2 4 6 6 10 15 20 30 8 100
3600 LA B LN | Sinten AANE SRt St o T
30U
3000 Liquié 5\\
> \
/ \
\ .
- ® \ A) LeNbBy
$ \ . B) I+NbaBy
[ 4 C) L#+Nbo
t- ® D) (B)+L
':‘ = ) E) (B)
4 ~ ] F) NLBo+Nb3By
. £ ambe ! | G) NDB+Nb3Bu
£ r 0] ‘ H) NbB#Nb3B2
ﬁ. / ® 1) (NB)
N ! J) (NB)+L
r :ooo-,l e | K) L+NDLE
o P 4
!' U‘I)#Nh.ll g z ! iJ '
"-\oo-f
|
o 1 1
° 20 40 w P 109

Atomic percent boron

Pheae diagram for niobium-boron system. [Ref, 19929]%

* W,F, SHEELY, Alloying Behavior., In COLUMBIUM AND TANTALUM, Ed. by: FRANK T. 3ISCO
and LDWARD EPREMIAN, New York, Wilay, 1963, p. 444, Sheely has added to the Kiefer
and Donuveky phase diagram. ' '
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NIOBIUM-CARBON

GENERAL

”~~
[3)
o
. a s ~
Phase diagram of niobium- -
carbon system. [Ref. 19°7 '] -
&
A) NbC+L 2
B) NbaC+NBC bt
C) NbsC ¢
D) (Nb) £
E) a-Nb+L &
Atomic vercent carbon
330 368 402 413 442 489 A5 o4
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- N 14
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Weight percent carbon

Weight percent cairbon
| 13 L] 8 7 ® 1}

4000 | il B Ty 1 ¥ b S SR S I
3800 ¢
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2000 -
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Atomic percent carbon

Lattice parameters fo. nicbium
carbide, arc-cast samples:

o single phase NbC
e double phase NbC+NbyC.

[Ret. 20°31])
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 Sectien 27r“7
NIOBIUM-CARBON

GENERAL

T
1]
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G ENTES S

Atomic percent carbon

333 375 q.! 44.4 473 50.0
J 1 H 1
0:2 4 4/Cuk 5 g
~
]
L
o 3 46CCH o
o N
@
-
€ 4.5
500t
g !
] i
a o
8 9.34C0L o%
el
-
- (-4
3 4.4300}% o ?
e .
¢ o/3
« § %
*
4.42001 L L 1 b
500 600 700 800 900 1000

Lattice parameters for powdered niobium carbide.

Atormic ratio C/Nb

fit of the data and follows the equation:

The curve is a least squares

ag = 44,4704 ~ 0,0239(1-x) - 0,3586(1-x)2

where x is the atomic ratio C/Nb,

e o vk oaa  ddvase

Sample Preparation

pressed:
sintered:

100Kk ~ 200K psi
3000°C for .5 hrs., or

1800°C for 38 hrs.

o single phase NbC
e double phase NbC+

NbsoC

[Ref, 20532)
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NIOBIUM~-CARBON

1 TRANSITION TE/TCRATURE

Atomic percent carbop
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i o o, e, Y . i
; ) 2 & 5 F] 150

Atomic ratio C/Nb =

{ Plot of the data in the preceding table., Measurements are not available at
- X = ,4; detween x = .51 and x = .70 no transition temperature is reportsad,
Data in this graph represents the following auchors:

{. 4 De Sorbo, W, [Ref. 13366)

: o Giorgi, A.M,, et al. [Ref. 969%]
, - 9 Glorgi, A.W., et al. [Ref. 18737]
| . x Hardy, G.F. and J.K. Hulm [Ref, 3695)
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NIOBIUM-CARBON

TRANSITION TEHP;RATURE

Atomic percent carbon

500 47.0 ut, 0
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w B T
21 .
U. () o -
[
a o -
2 . J
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o ~
Q\
D i
\\ .g a4y p
N ]
B ﬂ
0 1
1L00 Q.90 0.0

Carbon content x

Transition curves for arce
melted NbC and Kb,C samples,
measured in a 26 Oe field.

[Ref.

9695)

iy A ABW dyanirs ATt iy e e

 veeme

SR IRAIES AN IR, AR IS AR IR ST SR AR

[
B
i

b
Transition tenperature of niobium
carbide as a function of the
carbon content X, NbCy
Plot of Giorgi's data [Ref. 18737,
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Sodtion 2
NIOBRIUM-30RON

CRITICAL FIELD

=

E LECTRONIES
P RCPERTIES

I NFQRMATION
C ENTER

Critical Fieid

At.% B Hc, kGauss Notes Ref,
Lu.290) Symmetry Samples
50 4.45 ¢rthorhombic Elect>on bean melted 12621
6-MoR type § zone refined.
Impurities: Ta 2000
opm, others <100 each,
50(+3% $.08 " "
excess B)
55 8,00 Nb, NbLB 3intered in argon at
. 1700-175¢3C, Impuri-
ties: Ta SCY ppm Fe
100, others <50 each,
59.3 “.8 ‘N, NbB, " '
NIOBIUM~CARBON - ra
MAGNTCTIZATION
. ) T T T T
o IR 1 tc-18.7 e
- 87 A N
~ -8 - N
.
[t AN
- § ~4T B
e o -3 :%‘ .
8 —2 o -
e NDN
BRI I -
§ 1 ] !
x 9 2 4 ] 8

Magretlzation as a function of applied fleld.
NbN curve is shown for comparison,

" sampie at 4,2°K,

Fileld strength, H (kOe)

Niobium carbide

(Ref, 21847]
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P EOPERTIES

et T L [T*=]|] § NECRMATION

= [EMNNGPED)
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t

: Sotion 2

NIOBIUM=-CARBON ' oo ~
S '(‘ . h
CURRENT DENSITY . LR T;",.,nr ! i %
560 [ T T T a ;'
A
&

»

(=]

R
|

|

o

T

]
.

Critical current density, J.(Amp/em2)

\ Y
(B {
L 1 ! i
0 4 8 2 ) |
Magnetic field, H (kGauss) i_ |
!
Critical current deasity for two NbC, 4 5 samples, as a function of external ] i
field. The samples were prepared by ﬁo% pressing of powdars, J‘ ]
i

Impurities T, (°K) )

{
a) 0.6% i.4 i :
b) 0,3% 4.2 ‘

¢) 0.6% 4.2

{Ref, 21780]
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v Seotien 2 |
NIOBIUM-BORON AND NIOBIUM~ZARBON

i ’ SEMICONDUCTING PROPERTIES
Electrical and Thermel Properties
I Electrical Thermal
Kesistivity Conductivity Thermoelectric emf Hull Coef icient Notes Ruf,
1 p{uft-cm) K(W/em®K) uv/oc R (107"em?/coul) —_
NbBZ
12 - : - ~1l.0 - IN03
! 1265 - (a) 4.3 - - "
28-65 0.17 - - - 10179
) | 32 - - - - 11599
| 3 - (a)-1.4 -2.1¢ - 9809 '3
: 35 v.167 -~ ~ 250C 18169 '
} - 0.197-,%5¢ - - 200°C " !
‘ 65. 5% - - - - 6776
? ) - - (5)-3,7 - Arc melted 14991
} - - (s)-1,2 - Amiesled " !
l\' 1
! Nob i
f ™ - . - - 11599 ;
{ NbC ‘
{ S1.1 - (a)-4,0 l,3204 - 3803
i 74,0 0.1k = - 25°C, win- 1172
tered powder, I
. 150,90 - - - - €778
' ! 204.0 0.13u - - a-axis, poly- 12288 :
L. crystalline, i
' " dense powder, *
| - 0.1lu - - 25°C, sin- 18169
: { ' tered povider,
? - 0,37 - - 1900°, S,P. . "
i - - (§)-9.u4 - Arc meited. 1u991
| I _ - " - Anneualed, ,," .
‘i - " .
| + 6 = +51.1 x 10-23(cm/V2gec?)
| l # 6z elly " " '
§ = B.z: n-u% - nhuf ; . ’..
( ep
t n is the cavrier concantratinon and u is the mobllity

* ‘Thermal coefficient of resistivity. a = +0,12(%/deg)

i_ | T 28
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4L 'ARED BY BLECTAONIC FROPIATIES INPORMATION CRNTER ¢« HUDHED AIRCAAFY COM

caotlen 7
N1OBIUM~DORON

SEMICONDUCTING PROPERTILS

UV IOYS S

[r“ 2 LECTEONIC

_ P BORPEBRTIES
] J nme I NEQRMATIORS
| 2 C ENTRE)

Electrical Resliotivity

FPANY, CULYAR CITY. CALIPORNIA

1 i

P /0
T 300
At.A B (ufi-cm) ¢ Notes Ref.
Cryatallography Samples . .
!
$0 9.72 0261 orthorhombic Electron beam melted 12621 .
A~MoB type § zone refinad,
Impuritico: Ta 2000 )
ppm, othera <100 each. lf

S0(+3% 10.57 £ 0279 " " -

excens )

85 8.120 <03us Nb, Nbb Sintered in argon at l)
1700-1750°C, Impuri- J
ties: Ta 500 ppm, Fe
100, others <50 each, "‘I

84,3 14,76 0386 N, NbB, " 5

{ l
NIOLYUM-CARBON A
SEMICONDUCTING PROPERTILS (7
Electrical and Thermal Properties -
Elactrical Thermal té
Formula Lattice Corstent Resistivity Condustlvity Thermoelsctric Effect -
as(R) (ufi-cm) X (107 %W/cmoX) {uY/°K) ()
NbC_ 710 4,431 1717 9,0 ¢ 0.7 1.9 2 0.1 L]
NbC 160 - 150,0 9.7 ¢ 0.7 21100 N
[
NDC gog - 151.9 10.2 ¢ 1.2 ~3.4 2 0.4 e
HbC g5 s - 135.2 10,7 ¢ 1.2 -5.8 ¢t 0,6 P
-

NbC 908 U, 46Y 89.8 11,2 * 0.7 L =5,5% 0.3
: £
L:

(Ref., 21271)
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EEARSTRERETES I
l Sectien ¢
NIOBIUM~BCRON
‘ ELECTRICAL RESISTIVITY N
[X¢]
1 es |- l.‘
° ,
a oe L‘
e -
! Q‘-‘ oy} k.
.9: oe
+ ' Resistivity ratio as a function _
£ ool : of temperature for electron-beam !
>, welted, zore-prefined NbB, !
b osl Me2surenents on sintered szmples [
"3 show a similar curve. |
+  os} ot |
[-/] |
. i
° 2l !
2 |
ol
A 1 —k. | - A ] 'l 2
. 0 40 00 120 1ec 00 240 200 320
}. _ Temperature, T £°K) ' (Ref, 15336]
{
( NIOZIUM=-CAF 80N l
i’ ELECTRICAL RESISTIVITY ‘
Atcmic percent carbon
o ars 44.4 50.0 J
l > 200 q - ﬂ
ol v !
S
]
{ nE . ’
( ord 6 e
) a4 . ;
.23 100 -{
[ : Electrical resistivity of " a
NbC, Powders were 9
pressed and sintered at Jol .
‘ 10™% = 10-5mm Hg and 2200- 9 w oo
‘ 2400¢C. a2 o A |
0.6 0.8 1.0 - : ¢
i [Ref. 21271] Carbon content x g
{
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PREFAKED BY ILECTRONIC PROPERTIES INFORMATION CENTER « HUGHES AIRCAAFT COMPANY, CLLVER CITY, CALIZORNIA

e —
Y T Sectien 2 " ,-
: NIUBIUM-CARBON b

THERMAL CONDUCTIVITY

; &4
. _-l

Atomic percent carbon

37.5 Qa4 50.0 P |
s 20 v 1} v 1] T T J [
)
&
] \
-' 2 { _' ,
5% 4 1 B
'g s _// )
Ex 10F . ‘
QN i
- b A\
= >, N - O - - amm e
E< S
g !
ﬁ c 3 i . 1 1 e L 1 , 50
0.6 0.7 0.8 0.8 .0 ;
} Carbon content x :
Lo
Thermal conductivity of NbC, powders which were pressed and smtered .
at 10-% - 10~5mm Hg and 2200 - 2u00°C, :
[(Ref, 21271)
| i
; . " -A-l
t NIOBIUM-BORON AND NIOBIUM-CARBON .. =
. 1 { K
’ : PHOTON EMISSION PROPZRTIES . 1' ‘
L NI
| E B, L 8 - I 3 :
‘8, .
m-s_//'Qm' M o8
H B L
i BEC ‘\\\___, ;4“////'\\\\‘-_’_11,\ :
f T ("
! | L ;
g The L series spectra for NbB, and NbC. The curves for NDN and pure O .
: Nb are given for comparison. , . " |
b - -,
¥
i (Ref. 163u6)
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! NICBIUM-BCRON AHD NIOBIUM-CAREON
1 PHOTON EMISSION PROPERTIES
I“ L line intensities for Nb compounds.
Line Nb NbN NbC NbB,
I L‘;1 l 100 100 100 100
L 11 11 11 11
a2
g LBl 60.0 60.5 61.0 62.0 |
: LBB 9.9 9.5 9.9 10.2
l
! LBZ 5.3 4.0 %.0 3.5
LYl 2.0 1.47 l.48 1.40
i Niy 0.56 6.39 0.33 - 0.36
(i
NV 1.27 0.91 0.20 0.77
: NIV+NV 1.83 1.30 1.2¢9 1.13

[Ref. 16346)

Relative values of the variation of the L., and L) lines for equal L , intensities.

[ a2 B
. Ling b NbN NbC WbB, i
— — —_ L
f Lg, 100 71.5 72.9 66.5 P
Ly 37 26.3 27 276 N
i S
L. ' . (Ref. 163u6) S 1
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)

Santiun 7

NIOBIUM-BORON AND NIGBIi:M~CARBON L
THERMIONIC EMISSION PROPERTIES i
Work Function Richardson's Constant A Current Density Notes Ref.

¢(eV) (Amp/cm2 deg?) Je {Amp/cm2) ‘

3
NbC

2.23 21078 - - 11031 I '

4,02 - - 300°K '

3.74 - - 14009K

3.72 - - 1800°K L

3.58 - 3.6 2600°K I

NbBQ \

3.65 - . - - 16424 i
NIOBTUM~CARBON . l
THERMIONIC EMISS1ON PROPERTIES , {L

8 |
d ; 100 T T T M T 1 T T T ! -‘\ %‘
5 .,‘:'( -~ IO B 7 :
. o hlr;,;r’”p ] ) 1
588 L " i ("
5 - g' T o Lo ;
w§ =0tk o ‘
-3 E ™ IO'. L. H
o Pl AP PO WU S S S L

.IQOO 1600 1800 2000 2200 2400 2670 2800
Temperature, T (°K) ?

)

Emission current density for niobium carbide ~100b thick, based on (1) 30u strips of
tungsten and tanralum and (2) tungsten and tungsten carbide wires, The properties show \
little dependence on the base, The samples were treated and neasurements taken aiter [
heating to 2400°K. -
Heating Work Function i‘
Lo

150C¢ - 1800°K raduced froem 4.4 to 3.8 ev
1800 - 2400°K raised from 3.6 to 4,2 ev "
' L
(Ref. 192311
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PREPARED BY ELECTRONIC FROPERTIES INFORMATION CENTEN ¢« HUGHES AIRCRAFT COMPANRY CulLLVER CITY, CALIPORNLA

NIOBIUM ALLOYS AND COMPOUNDS

NIGBIUM-CARBON-NITROGEN

Lattice constants for the
NDN-NbC system. The szamples
were cold pressad compacts,
sintered between 2000-2400°C
in nitrogen.

{Ref., 21840]

1
l'.lJ_Llll_,]__J

GENERAL
~ 454 T T T T T T
< N
mo450 1
o 4495 _—o——”o"_v_?r
-~
-] 4.42[- /'A 5
v 438 kf"’—pﬂ i
§
C s34} -
a
2 430 | 1
‘:—34‘26 IS VU O N U S DU S S
A O i0 20 30 40 50 €0 7O 80 90 I00
NbN NbC
Mole % NbC
TRANSITION TEMPERATURE
20
—~ 13}
A
[
A
o i®
e.q
gl
pod
2
Transition temperature for & e}
the system NbH-NbC. Samples 6
were cold pressed and sintered M
2000 - 2400°C in nitrogen, 5
C
8
[=]
w
& el
qQ
o]
[Rof. 218un) NLH
a1

10 20 30 40 %0 60 TO BO 90 10D
Mole percent NLC NLC
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PREPAREC .7 ELECTRONIC PLOPEIRTIES i~ "ORMATION CTHNYER » HUGHES AIRCRAFT CCMPARY. CULYER CITY, GALIFOfHIA

NIDBTIUM-CARBOK-NITRUGON-M h L
TRANSITION TEMPT.RATURE ;
v

f el
[N -
i e

20 Bl T -1 3 i
L
18 F TiC .
g I - Y * {P ﬁ

Paete o

temparature, To (°K)
s
1
et
-
/
1

—t

10N
)
bt
).
~—
[

Trans’
o
T

<

/ O
1

}-4
o —
—

a — 1 i —1 —
C G.05 Q.10 Qs 0.¢0 6.25
(3]
Transition metal-carbide concent x 1'

Tranzition tewperature for the systen
(IJPN )0.75€Nbc ?0' 2’2-.\:(”(:);;
wheie M is Ti, Hf or V.,

L

{Ref. 218u44]
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NIORI'IM-~CAKEUN-NITROCEK-M

TRAHNSITION TEMPERATURE 2

3

18 %l_'__\ﬂ 4
N I~ N
A\
'Gi-r\‘l ]\I\ 7
Bl
: Jeren_ L
(L] 1 \ l -
Transition temperature for the system ' I
i
(NbN)U‘75__)‘(NbC)0.25(P’;N)x wnare M is L3 o} 4

T, Ta, Hf, or V,

o

T e e B

_}\L _

tion temperature, T, (°K

N I
e} \ AN
- ot \ W
YN

"3 6 P

f~ \
- Py ] \x 1 1l
l [} ST 030 Cas ue0  07%

Transition metal nitride content x

p———

Transition tamperarure for pseudc-binary and
ternary nitride-carbide compounds. The num-
berc represent the o/a ratio far the compound.

. st

-~
>,
[o]
e
.6 208 . ALLOY S:STEMS TRANSITION METAL
e N STUDIED e/a RATIO
2 4
p NBN-NBC-TiC § 4.99
% i NB6N-NbC-TiN
i NON=NDC-HFC f 4.98
Y NDBN -NBC -HIN .

. ‘r - NON-2:N - TIN {’ 499

o NON-ZrN } 4.90
Y NbH-TiC ,
" NYN -NBC 3 4ms
[ M
R { X 4.80
(

| 0 e sreed - cad " f 1 J é q4.70

l Gy (Y Qvid Uvd Q94L QY)Y C¥as

Lttectdve diam, ot transivien metal in compound
) , - : {Ref. 218us]
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PREFPARAD BY ELECTRONIC PRCGFENTIES INFORMATION CENTER « MUGHES AIRCEAFT COMPANY. CULYER CITY, C/LIFPORNLIA

NTQEIUM-CARRON~LITROGEN

TRANSITION TEHPERATURE ‘ ,.
L
Compound Transition Temperature Notes Ref,
T (9K) 1
KBC /NbN+ 8.5 - 17.3 Whiskers 2u-100y diam, 21847 :
(111] orientation,
HbCgo aNg. 7 17.8 - 2164y o ig §
s o
HLH-KbC-NbO >20 Prepared by chemical 21843 { . ]
vapor denosicion, ' o L
o A
+ P(20°K) = 6 x 107> f-cm S L g
V i e l d o

NIOBIUM-CARBON-NITROSEN

=

CRITICAL FIELD

g

- 140 T Ty T T T T "T“J
@ 2ol X1~ ' ]
& s ! i\ '
v 100 N -1 i i
i ! \
53 sl \. o ol 1
= 6 b H :
b 0 - N\ -1 U i i
’ 1
5 REELE \\\ . | } !
& £ *~ l"q L
i [ T | i | T T SR SR | ‘
0 10 20 30 %0 %0 €0 70 80 90 GO ¥ :
MbM Mose © NBC NbC , 5

Upper critical field for HLH-ULC syetem, The samplies were ¢old pressed
compacts, sintered between 2000-2400°C in nitregen, i

(Ref, 218u0)
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PREPARED BY ELECTRONIC PROPERTIES INFORMATION CENTER « HUGHES AIRCRAFT COMPANY, CULVER CITY, CALIPONNIA

e e vz

[ F I E cecTaoNIE

N{OB IUM-CARBON-NTTROGEN

i: CRITICAL FIELD 60
g sof
L P ]
v
L -
)
. Upper critical field for a 5.8u dian, 29
e NbC/NbN whisker as a funectior of ne 30r
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Critinal current density for NbN-NbC
system as & tunction of field
strength for different mole percent-
ages of NbC. The samples were cold-
pressed compacts, sintered between
2000-2400°C in nitroger atmosphere.
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l' NIOBIUM~-CARBON-NITRGGEN

" CURRENT DAMSITY
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1 current density
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Field strength, H (kCe)

Critical current density. as a function of field strength for NbC/NDN, [ 111]
- orierted whiskers, Data taken at 4,2°K,

1) 3.5u diameter .
2) 5.8 diameter (Ref., 218u47]
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CURRENT DENSITY

Critical current density for the
system (NDbN}q 75(NDClg, 25 (MC),
where M is Ti, Hf or V, The
numbers on the curves represent
the transition metal carbide
content in x.
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NIOBIUM-NITRC:GEN AND NIOBIUM-OXYGEN SYSTEMS
GENERAL

Nb--N The transition temperature for & niobium-nitroger system in the Nby ol o
region is near 16°K. As the nitrogen content is reduced te the NboN regior, T, 2ppar-
ently decreases to zero. With further reduction of the nitrogen content, the transition

temperature begins to rise and approaches that of pure niobiun,

Two notations have been used to differentiate the various compounds in the
nicbium-nitrogen systems. Brauer and Jander (20714) in their 1952 work assien the fol-
lowing notztions NbN(I)}, NbN(II), and NbN(TIJ) to the compositions NbNy . Fbllag_ g5

£ 'Y - ]

and NbNog g7.¢, gy respectively. Schoenberg in 1954 uses the following naming scheme:

a phase Nb+N

8 NbNg 40-0,50
Y Nblag,80-0.90
5 Nblag qs

€ Nb“l.OO.

The exact nature of the transition from normal to superconducting state

is in doubt in twWo composition regions. First near the Nbil, .4 Schroeder [9€55] claims

that T, drops below 1.94°K. Regener composition data do not show this effect, and two
earlier papers, Ziegler and Young (13330) and Milton (19468), can not claim an exact
KbNj g composition for their samples. Schroeder cites data from Brauer stating that
at lower temperatures of formation, the NbN{I), NbN(II) and NbN(IYI) resionc are

broadened by beginning the sample preparaticn at lower nitrogen content,

The cther area of doubt is found in the NbyN region., No experimental

evidence can be found for a transition temperature avove 1,94°K [3655), However,

u0

,‘;‘

T.n--u--iEiEiiiu--'-iE==Ei--mn--------—--_—m—--___-___-.——-—-_—————v_AEEEEQ
NIOBIUM ALLOYS AKD CCMPOUNDS
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NIGBIUM-NJTROGEN AND NIOBIUM-OXYGEN SYSTEMS
GENERAL
Samsoncv and Neshpor (10725) predict Te ® 9.5°K for NbjoN based upon a relationship be-

tween T, and % vwhere N is the principle quantum number and n is the number of electrons
n

of the incomplete d-level.

The following value is given for NbN, [218u47]}

dHep kOe
aTe ° "107%x,
Nb-0 Three distinct niobium oxides are formed, NbO (14.69 wt,% 0). NbO, (25.89

wt.% 0) and NbyOg (30,08 wt.% 0). However, noue of these show any promise as super-
conducting maverials, An attempt to find the trarstinu temperature of NbU has failad
to show a T. above 1.2°K (9695). Below the solubility limit of oxygen in niobium, i.e.,

from .25 to 1.0 wt.% oxygen, the sclid solution Mb-O shows superconducting characteristics.

Samplec up to .75 wt.% Oxygen were prepared by a gas absorptrion and dif-

fusion techrique. In the region of ) wt.% O aud above the samples were prepared by arc-

melting Nb,Og with Nb,

i
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NIOBIUM-NITROGEN
i l GEHERAL Atomic percent nitrogen ' 4
! 310 20 30 40 30 : P
ORI | ] L LN 1 -1 :
- L+NDsa 2 [ .
| 2500 b S o N2 <zaogec/MRY e
s o e e o o i .
i \ (
) < 2069 /
’ £ l | ‘-'2400_%
e foc | NoN+N, .
& 1500 } , lnnn‘ :
' R ‘ l “"1"5°°°c s.s.: solid solution.
~
’ é_ 1000 L. NUgN+ND a3, ' ‘ NN+ \ |
) IE l Ab N I
00} ND,N Inel ‘
\ NDN
RSN JE B II | Lll i
S 10 15

Weight per cent nitrogen

Urebable phase diagram for niobium-nitrogen system
at a pressure of one atmesphere nitrogen {Ref, 19928]

Atomic percent nitrogen

: A 600 M B WAl w23 00
!
l B
¢ 3¢
N By e -l :
! i 3
i || a8
1
i :
! i :
{ I :
- I | i L_d :
G (6] 03 0.5 Q7 09 0

Atomic ratio N/Nb

Tentative phace diagram for the niobium-nitrogen system.

[bef, 20715}
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NICEIUM-OXYGEAN

GENERAL

Solubility of oxygen in niobium,
The x-ray data were checked by
metailographic examinaticn oa
two samples: .25 wt.% O and

.55 wt.% 0.

Atomic percent oxygen

R

Temperature, T (9K}

.55 - Z.8 S5 is.0
LI SR S | 'I. Yoy /! T v 1.1 K
330 b oL o

. " 1000°C b

< sao b .

- -t

§ i

¢, 33090 -

.7 -
e

% 33005 ~1

;‘ .

2. 33050 .

® -

0 —
=1

y -y
e

X .

.

J NP S S I D SN S | i1

03 05 07 09 !

3

Weight per cent oxygen

14283 1250.0 i 1000
c \J N — T 2 1
@ o X-RAY DATA
> 0 1 PHASE )
x A=
5 x 2 PHasEy] MICTOSCOPE
s 10k 0.56
0 o
Q :
~“ 0% + 30
& I H
B
E x
= [ | J {
@ noocPC  1000°C 900°C 80C°C
i ol 1 [ 4 N 1 19
or 08 0§ 1.0

Temperature, (103/T ok-1)

At.% oxygen

Lattice parameters for the niobium-

oxvgen system,

were used to prepare the samples.

Up to .75% oxygen
gas absorption and diffusion methods

Above this .egion Nb and NbyOg were

arc melted together to form the
samples.

[Ref. 21113]
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! NIOBIUM-HITROGEK

} SEHERAL
' Lattice Constants
i At.% N4 Phase Symmetry Lattice Constants (R) Notes Ref.
L _ &g <o B
i 0 o bce 3.3014 t ,0002 - - 20714
15.9 atB hep 3.056 4,856 -
: 32.4 B tetr 3.056 4. 96U -
E 42.9 " tetr dcformed 4.38u 4,311 -
Ly, 4y i o 4.385 4,332 -
Ly .4 y hex 2.950 2,772 -
44,5 fcc 4,39 - L4200 psi pressed 18u67
powder, double
sintered.
45,0 tetr defcrmed 4,387 5,330 - 20714
45.5 fce 4,386 - Powder sample in "
pumped N at 1300°C
' 47.3 nex 2.958 2.779 - 20627
’ b 4, - 20714
.7 2. - 20627
.0 2. 20714

NIOBIUM-OXYGEN
GENERAL

The lattice constants for monoclinic a-Nb,Og are given:

1

o]
21.34 A
3.816 &

19.47 8
1209 2!

[Ref., 17uuu)
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NIOBIUM-NITROGEN -

TRANSITION TEMPLKATURE ) |-

Transition Temperature

At.% N Transition Teaperature To (°K) Notes Fef. (
Midpoint didth L
—_ Onset Ccmplete * —_—

st
0 8.97 9. 8,5 - - 3655t L
23 - - 9.2 Wire, electron b2am mel<«ed, 13386
heated in N,
16.0 5.72 1.2 - - - 9655 {
32.u4 - <1.94 - - - " v

37.5 3.8 6.1 <1.34 - - 9617%%

45,4 15.0 16,2 12.2 - Powder MNh, 16 atm N, 145C°C 18726 ‘
S hours. L !j ‘

[ - . - 15,98 - 8517

Powder 13G60°C K stream,

Poywder b, 1 atm N, 1300°C 18726
3:hours . !
49,7 - - - 1b.23 : - 9617 -A
«50.0 - - - <1.%34 - 5655
15.9+¢C - - - Amnonia 13%C-15009, 20 min, 19u68 [
- 15.0 1m0 - Stationary N, 1500°C, 1 hour. {
16.0 16.7 14,6 - Nb heated L-4,5 hours at 1500°C 13390 ’
in dry N.

# Values in this column are not identified by their positicn in the transition curve.
®% Sample specs are found on page HE-U9
+ Sample specs are found on page 59
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l NIOBIUM NITROGEN N
l TRANSITION TEMPERATURE

Transition Temperature

‘ (Continued)
] At.% N Transition Temperature T. (“K) Notes Ref,
Midpoint Width
Onset Complete %
~50,9 - g9.C 6,0 - Film sputtered. DC argon 20628
] glow discharge in ~2x10-2 torr
! at 2 ¥/sec. Polished quartz
substrate.

50.3 - - - 14,47 9617 )

$0.7 - - - 15,30 4]

5.2 - - - 14,93 9

] 5.0 —T T T T T — 8 A plot of date from precsding tables,
e o 8 e = showing the relatiosnship of latiice
- -~ e
. = o Qfg% " cecnstant a. and transition temperdture
; T A o /"-"” s LR to nitrogen conient. All curves are
i . s
o lez uare » ions,
mo“; | (] ek 4 . e2st sguares appooximations
o, ° 1 .
g2t ” -||o§ X ==« oo-=a,
] I P '
71" 40 43 £ r ;
= Qo g S - lc :
£ 38t -6 6 i
. 5 8 0O T, <l.94 .
[ a3el- —1 4 |
e .
[} = :
0 34 F ? 0 ? g e .8 e 1. wWith the exact N content in doult l
+ A i
2 < 32 ' l ' -{0 3 i
o e b
- ey ™ '
3ck s, SRS I
& .
{ U U N SO S SR i
28 ~

% Values in this columr: are not identified Ly their position in the transition curve,

3% 40 L1) 50
Atomic percent nitrogen
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Atomic percent N

473 all 233 281 9.1

B H 1 4 A i
& - NbN
S
o lﬂlﬂ 'ﬂv Nb
‘; "\ NN tetr. + Ni,N+Nb

'
£ gl ey
pe}
1z 49
3 N o
2 0 4 °
g /
4
5 °] o
o o
+ 6 4
ord
2
g 4 -¢
1 9
~

2 -

0‘ T T T T ﬂ‘

Temperature

the onset of

09 OB Ot 06 0% 04 03 02 O O

Atomic ratio N/Nb

s at which the transition region begins at i.e.,

superconductivity, for the Mp-N system,

(Ref, 98655]

Two conditions during praparation of nickium nitride will affect its nroperties,

first the nitrogen pressure and second the time the sample is left in the nitrogen

artmosphere., The two sets of graphs which follow chow the effects of these two para-

meters on the properties of the sample
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TRANSTTION TEMPERATURE

-

%
IS
o

at.
b
<

1

A

wJ )

1
Nitropgen
content

ratio

Resistance

Electrical resistivity at
293°K, ¢ (107 “G-cm)

IS 7771
c v
C K
T3~
( :;:;x
! ok
l [7: i YR
£ v
R e« .
. o s o . . H
! = @ |°LL i — M i
I

) ' O 10 20 30 4C S0 €0

Nitriding time, (hours)

the nitrogen atmosphere on

The effect of
the niocbium=nitrogen sysiems.

time in
properties of

A) nitrogen content

( . E) o———vu, electrical resistivity
¥ ~ - - X, resistance ratio

C) transitien temperature

1
(Ref. 9617]
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TRANSITION TEMPERATURE

———

50
a5

o,
°

40
»

Nitroge.
rsontert
at

b A
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Lyp
2
o
>
o
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g 1.0V 5 €
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ca o 12 r -
T E &
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10 b—— e
00" ol ' K 100 i;
Nitrogen pressure {atm)} v

The sffect of nitrogen pressure during presparation,
on the properties . niobium-nitrogen systems.

A) nitrogen content

B) o—————0, electrical resistivity
¥ - - - - x, resistance ratio

C) transition temperature

[Ref. 9617]
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g : N1OBIUM-NITROGEN
- o r————7
i TRPNSITLON TEMPLRATURD . /
: i ) NON
s o °
- - 15 | -
i , "
.=‘:_ ! s ]
! .. £~ )
e Transition temperature as ¢ o x 4} -1
furction of Jattice constart =~ 2 e '
» for fcc niobium nitride, §:—U
: = By 1 |
! ‘a hd !
£
5 ] :
| ¢ 12 . . L o
__ 4370 4375 4380 4385A
)
K _‘ (Ref, 9617] Lattice constant, a, &) E
». ; .
¥ .
i > L T LS T 1
+
' ort R
A e },v‘ ™ Transiticn curve for tetregonal
2 ,° NbyN3 in a 26 Oe field.
2 Pt /
. O
Iy 3
§ o
& e AL {Ref. 9695]
'». m h.o
Py ' > !
. 'S L e § mrem— ¢ =¥ ‘
§ o 1 |
& {
£ i
s . nkr
k. L L A :
0 2 4 3 [} 10 !
’ . Temperature, T (°K) -~ :
) ! .E {
\ il
“w_ s
: v o .
£ 1 i
- 2% o] . R
i l Electrical resistivity as a S : g,
function of temperature for: % -
& oS h .
‘ A) 9.33 at.% N, He quenched S ; ,
l By 0,33 at.%t N, vacuum queunched w o W ,
C) 1.64 at.% N, vacuum gquenched 20 25 30
.. Temperature, T (°K) '
E ! (Ref. 13366) P ’ ]
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NIOB1UM-NITROGLN “
TRANSITION TLMPERATURE ,
-t
o : - ,
[
6 7 8 9 10 0 12 13 14 15
Temperature, T {°K} ]
Transitien curves for three niobium nitride samples: .
ﬁ

RESELACH ANL TECHIIOLOG™ DIV $'ON
Af FORCE SYETEIEMS TOMMAND

>

[
AIR FORCE MATERIALS [ABORATORY ]‘ @pic l
]

S |

-

r—

Change in inductio:, %

- et r—,
4 ¥ —

(a) 47.2 at.% N, prepared in nitroger stream for {
not less than 8 hours at 1350°C, Data taken ] L;
cn warming and cooling.

{b) uu4.0 at.% M, prepared in siatic N for rot lesc than {
g hours et 1200°C. Data taken on warming only, " -

{c) 27.2 a*.%t N, prepared ip static N for not less than {
£ hours at 11B0°C. Data taken on warming only, ]

[Ref, 9299]

-

et

e Frm——
| S

v

e
L




r B2 [ ERRSPEOIRNG

| » RUPERTIES
| NEQRMATIDN
|/ /| | 6 ENITER !

((

1

ACSEARZH AND Y,CHIIOLOGY DIVISION
AR FORCE BV SBTEME CCMMAND

AIR FORCE MATERIALS LABGRATORY RS

——
P——,
s

L

PREPARED BY ELECTRONIC PROPERTIES iNFORMATION CENTER « HUGHES AIRCRAFT COMPANY. CULVER CITY CALIPOANIA

m-_-u—____-——_—-—_-

NIOBIJM-K1TROGEN L

TRANSITION TEMPERATURE

Transition curves for nicbium-nitrogen systems.

ekt

1.0 — —
;
09 - - :
x x
, £ 8 os | waaot® . -
i -1 s
( NbNO.GZ
o7 | -1
1 L L 1 e
2 3 49 ] € 7 i
iemperature, T (°K) Temperature, T (°K)
¥5 aaded to UbN and treated 3 hrs. at Nb added at NbN and treated 3 hrs at
- 1450°C in one atmosphere pressure 1450°C in one atmosphere pressure
argon; hcp structure. argon; tetragonal structure.
f 05 288 )
x !
CSE o) 'E ]
{ 8 = i
i 3 / NbNogz f\’
x ~
07 ;,-M-o-—#’* -1 -1
i 1 1 ! TR 11 1 1 1 ;
: 7 8 9 10 a2 8 9 0o 12 1314 ‘
Temperature, T (°K) Temperature, T (°K)
; Powdered Nb in statiocnary N at one Powdered Nb in staticnary N at one i
‘ atmosphere pressure, 4-5 hrs., 1300- atmosphere pressure, %-5 hrs., 1300-
1450°C; tetragonal structure. 1u50°C; fcc structure.

WOARMIt G COOLING  FIELD (Oe)

| o . 1450
i [a] "] 1090
a a 72.5
x . 36.2

{Rei. 965%]
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UNSE R
H1O0RIUM--NITROGEN }
TRANSITION TLMPLRATURE i
150 = T T T 150 R B !
~ TCMPEPATURE, ABno - TEMPE RWTURE,
f e :p, °c £ :
125 |- 25 |- l ;
Q (=%
~ ~ - 4
[ & o
< 100 | < 10C }- _
[ LY ]
oo " H
£ L L & 3
2 7 Z 5 ;
(3] [z
>, R %
2 sof & s0 Vi
.t Rt ‘.
> N 2
o "
+ P 4
n 25 - v 25 . ) ? ’
o 2x1073 Torr -;,; 5x10"* Torr | z
& i R T o I [ W R .
0 25 50 75 100 1285 (o] 100 200 300 400 540
Nitriding time (seconds) Nitridine time (seconds) [

-

Change in resistivity as a function of nitriding time, temperature, and pressure. Data
W ts at lo° P = 13,96 l=cm), -
ere taken 10°C, Pigoc (ud=cm) [Ref. 21850]

—

lﬁ T 1 T T ol

T i
® ' 1
® 1/’/°”' . h
300 |- & | 4 ~ .

1
© .
- ]
2 _ Superconductive transition of
00 I three r.iobium nitride samples: [

a. Prepared in ammonia,
20 mipute. at 1350-1500°C,

i
]

100 k J - b. Prepared in aitrofen, v
1 hcur at 1£n0°C.

Resistance, R (10-31)

c. Prevared in nitrogen,

1 hour at 1500°C, o
0 1 1 ! i A L

14.0 Qi c2 0.3 158 159 16.0
Temperature, 1T (°K)

(Ref. 15468]
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{ { 1 ] | l
NIOBIUM-NITROGEN os k- SAMPLE 4 | ,
TRANSITION TEMPERATURE ped

J
o
1 g
o
l Kesistance ratio curves for 03
four niobium nitride samples, b
I = 0,017 Amp. g
& o02Ff
i
) i
3 1 i
0.1 !
: O ] 3 9 { '
Y , 12 13 14 15 6 17 o
Temperature, T (%K) Do

. ' |

{ Sample Nitrogen N-Pressure Time Temperature :

‘ _ at.% atn. Hours o¢

i 1 uu,8 1.2 10 1450 - 1500

L .2 46,2 2 30 ;

3 48,3 9 50 R .

. 4 49,7 40 45 Loy

. Kl

{ g

: [Re{, 10723] v

. PG

| ! 4

| -

‘ 1.0 T ~T T T T —y T :I j

! .

i Transiticn curves for NbN | '

; ° st formed at lu70°C, under e

! A 100k different nitriding pressures.

. i

' © s 6 o ks Nitrogen Pressure (atn) : .

v . :

(. 8 osol - 1) 0.025 &) 32 b

a 2) 0.2) 7) 52 . !
‘ @ ' 2 a) 0.u7 8) 55 P
' o '—W“&‘"" /' 4) 5.0 9) 8y, e
N o) . : ,
R S| TR - I Sy 28.0
(- o 0 n 12 3 16
2 Temperature, T (°K) (Ref, 9G17) |

. . - ' i b
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NIORTUM-NITRCGEN
TRANSITION TEMPERATURL

The samples in the following 2 graphs are prepared as follows:

Sample Nitrogen N-Pressure . Time Temperature
at.% atm. Hours __°c ]
1 bu 1.2 1n 1450 - 1506
7 6.7 ” 30 I ;
3 _.48.3 9 50
y 49,7 uQ 45 , I
P l'
'50[ T T T T T T A . )
.2
e 140 r . 1 :
° B X x_x@x—k ,
By X | 3‘
o 12¢ I “1 : .4
g ~ |
‘SU- 'l H
v 100 | 67 w
pe)
o - . :
N !
£ 80 n ! o
L4 .
r x-”-x“J Lo
- - { s
6o Lo 4t 0 .
19.0 4.5 150 ( )
Temperature. T (°K) - {4
'Transition aurve for a niobium niteide sample.,  The results of measurement on the sample fl
taken at various ficld and current conditions arc shown in the following rraph. (!
’ H
H= 1.9 Oc¢ 1 ;
I = 106 Ay . . \ 1 :
} [Rel, 10700)
|
|

vy = e e e - .. . e e | ——taEim 1 ctmRAs st Lae e e s )

RS } “ 4
scm A A - . , [
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NIOBIUM-NITROCEN

l TRANSITION TEMPERATULE 180
P 16
; 120 p~y—1—1—3 ©
140
( 10G
120
{
‘ 80 Q0
é '
eo
8 60 o
i 4 °
{ Y " 60
R o [=1
3 3
L & E ;
"o
. 5 100 ST T T l
e o -
- f t i
l < < 140 |- “_‘
80 B I
120 -
l. 100 } - 1
60 5 _ .
{ eo b & :' / = 5.¢0 | '
[ l -
40 60 0 VN NS IO S JUUES NN U N S N W
14.0 ) 150 14.0 146 18.0
) Temperature, T (°K)

Transition curves for niohbium nitride under various field and currcent c¢onditlons. Sample
preparation: 40 atm. prossure N at 1450-1500 for 45 hours. U49.7 at.% pres nt,

®e OO

(Amp) (Amp)  {(Amp) (Amp)

[Ref. 10720)
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NiOBIUM-NITRCGEN
TRANSITION TEMPELRATURE
The specifications on the =amples used in the following graph cre given below:

0.029 Inch diameier wire

As ' Annecaled at 1875°C Electren~beam

Property Received for ? Hrs. in 3 x lp’Bmm He Keited, 5 Passes
R2530K n110 n280 500
Rygox

Te 9.67 9.2¢C 9.46

T Wﬂf?'
/_
L E
SR -
£ le 9.1 9.2 9.3
S
g 1.0
|5
2 0%
v:f
S
v 8
@
£ 1o
05
0
63

Transitjon curves for niobium-nitrogen systems at various fleld strengths.
field strength measurnd in Oe, i3 indicated or the curve. The d¢ata were
taken at 7,2 A/cm?,

A) .33 at.% N, He quenched
B) .33 at.% N, vacuum quenches
C7 1.0% at.% N, vecuem quenched

fkef. 13366)
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i ! * 2 L . > - i - < p
| 1
f NIGBIUM-NITROGEN
TRANSITION TEMPERATURE 4
’ 1000 T T r D St B S - .
| 8 1
[] ¢ b q
~ [ 23S
x
£ | //// Current . b
& a0} ' : < —_— q
o ;
o / // / a) 0.C10 :illiamp ~
o ers} o) 0.100 |
o c) 0.531 !
P D0 » » 14 2 ~ d) 10,378
Q
: J/ /
& 379} A s
; - /
‘g zooL_‘—..-—_’d -4-&'."’1..__.! — L e .
13.0 5.9 10.C 10

Temperature, 7T (°K)

|
Trausition curves for a Nbil ribboa cut frem a 1 mil sheet. Rjzgg = 0.19%. i
t

' The Nb was heat2d in ammonia at 1550°C for 90 minutes.*
f B
|
.) ;
{ 8 1600 Y Y ~t . 4 T Y 4
~ ] ¢ [ 3
{ w 870 - A )
’ e //
- Curvent € 1 L -
———— = . 2 o /
| a) 0.025 milliamp -8 61k )// P
{ h) 0.100 g // // e
¢) 1.004 J o ook // v e
'l d) 9.936 ¢ / -~ /)/ !
E st » . -/r
< // /
.;n ,’/’ /‘//
l &’ 28 ot S L 2720 4 i Y l
14.9 130 10.1 13.4 18.0 1.6 160 9.2

B £, - R aeca bt R el e o

Temperature, T (°K)

Transition curves for a 5 mil NbN wire R3gg = 0,2 . The Nb was heaved
in ammonjum at 1225°C for 30 minutes.*

% Plotted by EPIC staff | ' LRef. 10754]
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TRANSITTON TEMFERATURE

Tiansition curves for niobium
nitride samples.

H =1 Qe
I = C.,007 Amp
..... 1 = 2ero Amp

T LA | 1 H
140 |rori-etis, X t'rughgty
s |
2 2ok
o
5 5
100
E - V./
§ 80 |- - SAMPLE 3 ~
i ]
< so bk K B N J
14.0 14.8 15.0
Temperatuwe, 1 (°K)
Sample Nitrogen N-Pressure
e I\t.._%___ atm
1 4y, o 1.?
2 b, ? 2
3 43,2 9
4 4y, WO

Raa3

=5 CI

Resistance ratio

14.5

8.0 13.3

Temperature, T (°K)

Measurenent in arbitrary units -+

Transitior curves for niobium nirride,

H =1 02
A %% 1 = zero Anp
ococ 1= 1% Amp
@& e =20 Ao
Time Temperature
Hours —sC
19 1450 - 1500
30
H1)
I
fref. L0728]
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NIOBIUM-NITROGLN

TRANSITION TEMPERATURE 15 T T T T

The «.ffect of current on the
transition curves of nicbium
nitride.

Rag3

Current I (lg;f #mp) Rising Falling

o

PSS P —— mpantiey ey
. . R
Resistance ratio
le)
(4]
T

f—
~
O P AP
<>[3<t>°

" 12 [} 4 15 16 17
Temperature, T (°Kj

[Pef. 96171

NIOBIUM~OXYGEN

TRANSITION TEMPERATURE

[V W, B

§ ~Lettice Constant and Transition Temperature
i |
~ Transition ?
{ Wt.% 0 At.% 0 Lattice Constant {A) Temperature Notes Ref. ' E
l apn Tg (°K) ‘:
1
0,101 - 3.3002 ¢t 0.0002 - Oxygen absorbed for 2 21113 |
l . hours at 1000°C, !
0.124 .10 - 8,78 Wires were drawn from 13366
electron-beam melted
l stock, then annealed &
outgasced in high vacuum

before dissolving oxygen

——

I into the sample.
.26 1.4 - 5,840 : - 15227 ;
.27 1.82 - 8.0y - 13366
.32 1.80C - 7.80 - "
l 75 - 3.31l.2 t 0.0C02 - Oxygen absorbed for 37 21113
) houi's at 1050°C.
.86 2.6 . - 7.04 Sece note for 13366 13366
l above.
E. 60
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c R ALTISH

ST T T T T T
L=
s 2ol . -
= K
o~y
ot P 1.5
-ﬂo
@1
evit 30 b 5
:1‘
T~
=T 0s }f‘”
£
re)
o
< T (R T W U T < A l
~
1] 5.5 8.5 9.5

65 7.5
60 70 8D 90

Temperature, T (°K)

The normalized transition tcmperature as

a function of composition for the Hb-0
system,

4 T = -0.92(°K/ar.%)

¢ (at.% 0)
[Ref. 13366)

61

| .
o i na prell Ciwle i bw. e asesAK YA,

Electrical resistivity for niobjium-
oxygen systems. Current density J =
7.2 Amp/ch.

A) 3.83 at.% U
B) 5.18 av.% G
¢} 1.43 at.% O
D) 6.43 at.%3 O
¢ = warming
X = cooling

SYSE A
Jooh THYRERATURE
Tr.. s-ecifizations on the samples used In the folinw ng three sraphs are given below:
0.029 Inch Diameter Wire
As Annealed at 1875°’ Electron-Beam
Property Received for 7 Hes. in 3 % 10~ %nm He Meited, S Passes
iigfa-"i- 2110 ~280 500
0°K
Te 39.67 9.20 9.46

t

Atomic ver-ert Xygen

4

=]

el

©

{ 9

8 0y .
&

2| o8 8
Cl_c

-g Q = 07 -
PR

e T

£ =l 06 7
£ u

ho 0.8 -
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o 0.4 |- -

N
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5 02t
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- TRANSITION TEMPERATURE

Resistance ratic R/Rn

55 56 87 58 39 60 6l 62

T T ‘]
Nbfgsacnggo 1 :::

H Field

p—

| S| T T T ( T -1
$60 412 307 178 Nb DEGASSED O
] | _oddi ! } 1
.2 83 34 853 86 87 £B 89 9L S\ 92 93

Temperature, T (¢K)

effect on the transition curves of niobium-oxygen systems. Field
strength measuced in Oe, is indicated on the curves.

J = 7.2 Amp/cm?
graph at.% 0

A) 6.43
R) 5.18 o warming
¢) 3.83 %X cooling
D) 1.43
E) 0
{Ref. 133661}
62
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U

S

e ey

NIOBIUM OXYGEN

TRANSITION TEMPLNATURE

10 o] 10 o
1o-! ol
=1
[+ 4
~
) [o 4
%
o -
w1072 10
L]
|
cl
Q
=
S -8 10-3
(]
o
1]
@
o
A
-4 |5 - 10°4 () —
o] ® (B
Hep=7.02GI KOs
C H.,=7020! kOe (MAGNETIZATION c2
8 Hez=7020 ?' (MAGNETIZATION) (MAGNETIZAYION)
05 1 ) ! i 1 1 10-8 1
0 2 4 6 8 10 12 4 o 2 4 € 8 10 = 14

Field strength, H (kOe)

The transition curves for niobium ribbon with
0.80 at.% oxygen at various current densities.
B | J and also perpendicular to the wide side
of the ribbon. Hgp = 7.0 t 0.1(kCe).

anrealed (E)cold worked
I(8) J(A/cm?) I1(A) J(A/cm?2)
A) 0.90 865 A) 4.7 3287
B} 0.550 526 B) 2.90 2007 [Ref. 18439]
C) 0.230 22¢ C) 1.25 865
D) 0.115 111 Dy 0.85 658
E) 0.010 9.6 E) 0.1s 111

63
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NIGBIUM-N1TROGEN

’ CRITICAL FIELD
The specificetions on the samples used in the following table are given below:
l : 0.029 Inch Diamcter Wire
As Annealed at 1875°C Electron-beam i
s Property Received for ? Hrs. in 3 x 19-mm Hg Melted, 5 rasses i
i
. R- aa0 !
Figgkx 219 280 560 5
I
I Te 9.67 9.2 9.u6 :
!
i\ i
{. Critical Fieid
Material Te (°K)  o(uR-cm)  Hgp(0e) _GHQe) Hn (Oe)  Hgp (Oe)  Ref.
l {4,2°K) 6T Jy, fu.2°K}  (4.2°K)
Nb 9.4¢ .035 159 -403 2700 1320 13368
[ Nb + 0.23 at.% N - 1.7¢ 1580 -403 3000 780 "

Hca is an approximaticn of He froum the area under the magnetization curve.

‘— Hfp is the field strength at first penetration.

By is the fieid strength when the sample

10 T T 7 1l
i 9 9of ]
L 9 3
i = 7TF ﬁ
| £ et _
B
) Critical field for riobium nitride s 8y {
\
[ (49.4 at.% N) as a funcrion of 4:';; ar T '
- sk b
temperature. Sarmple preparation: = . 1
: []]
l Nb powder was nitrided at 1 atm rAR | o\
' pressure of N for 3 hrs. at 1300°C, ol v %
. 13 - 15 6
1 [Ref. 16726] Temperature, T {°K)
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NIOATIUM~-NITROGEN L
‘Threshold field for niobium nitride . '
CRITICAL TIELD (44,4 at.% N). Powdered Nb was pressed :
at 43,500 psi and heat-treated in a -
WO T T T T nitrogen stream for 24 hours at 1300°C
” " . o 7 and 24 hours at 1450°C. =
C SO - = }
< L @\x XX © - Sample R/Rj ‘ .
I - -
~ 70 x - a 0.1 (
R }\.u = b 0.5 -
S S0 \\ . c 0.9 [Ref. 18457] 1
gL ‘\\ - :
1] X - {
o 3} W = T T T T T T
: ;
DA T x\ ‘_ ¢
Y. b 10 \\ o — 30C : :
[+1] - - —
i N N N N B ) \ S 5 ;
(o] 2 4 6 8 IC 12 14 16 I8 -
Temperature, T (°K) T :
£ 200} = -
ol }
=
Q
Critical field strength resulting from - % N
current densities in two NBN samples: 5 1003 B
a) 1 mil ribbon, heated in ammonia at :§ &
1550° for 90 minutes. i 3
b) 1/% mil ribbon, heated in ammenia E
o N 0 11 T Mo’ Iy § ) A\
at 1350° for 30 minutes.

1566 1574 1596 [8.04
Temperature, T (°K)

Critical field for 5-mil NbN wire. .
(R, = 0.20). -

8

A) External field correspornding to a field
from a current density which raises
resistence to 5R,

()

ol
(o]
{
i

B) External field to raice resistenze to
.5R,,

= - ¢) Calculated from (Cg-C,) for a KbN powder.
Cs 15 the heat capacity in the super-

“~£2\\_~ \ conducting state. C, is the heat capac-
1 T~ 1 i ity in the normal state.

15.30 15.40 15.50 15,60 15.70
Temperature, T (°K)

o
o

Field strength H; (Oe}d

o

[Ref. 1C754]
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NIOBIUM-O0XYGEN
CRITICAL FIELD

Thrashold Fleld

At.$ 0 W20 T. (°K) P (ufi~cm) Hep (Oe) (uHcA 4y, (Oe) Hep (Oe)
.___) ”
r

- (4.20%K) (u4.20°K) —  f(u.20°x)
0.70 0.12u 8.78 3.9 1360 1h25" -403 7000  A7550% 580  590%
1.52 0,27 8.04 8.2 1125 1260¢ ~403 A9670 ~11600t 350 3sot
1.80 0.32 7.80 9.6 1048  1210%"  -403 410300 ~12600%% 290  3)5en

2,60 0.6 7.04 S13.7 840 1070tt  -403 411500 ~15000tt 170 200ttt

Hea 43 an approximation of H. from the area undor the magnetizatlon curve.
Hep 13 the fleld strength at first penetration.

H, is the field strength when the saiple is ir tho normal state.

#3,05°K

+3.57°K

#4323 400K
113, 10¢K : : (Ref. 13306)

At.% 0 _Residua) Reslstivity Upper Criti 1)l Tield
(uf-cm) : Heo (kGuuss)
'0.20 '0.62 ; 5.4
0.86 . 1 3.06 6.6
1.20 WU . 8.4

(Rei. 21039)
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NIOBIUM-OXYGEN

CRITICAL FIELD g

e

3

w4

An appronimation of the thermodynamic g
critical field H. as a tunction of e
torparaiuro, Hzp is approximated nNo

{rom the crvea undar the mognotizution 2
curve, and lea u Hgi 1-(T/T)7). “':§

[Rel. 1336C] E
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&

1200
1100
1000
%00
800 ¢-
00 |
€00
500
L{ee]
300 |-
200 }
Q0 L

o)
5% 80 70 @G 60 20 2% 10
Tomperature, T (9K)

ield, Hoo (De)

Sen

11 1 1 1 8 3 %2121

Qacilloucope tracea showing initisdl penetra-
tion of the flux into an ale-tropolinhaed
Trace A la for the osom-
ple in an optimem position and bottoms out
near -18 mvV, Trace b la for the sample
movad 1.4 mm upvard, Conventional tests
show i) = £40 Oe, Hc = 1369 O, and Heo ®
‘100 ve, (Ref, Lu%82)

2000 = T T T T T T
1800 |- N -
1800 -
" \ .
1400 ‘\\\\\\ -
1200 |- %\\\\\ 4
1000 |- s -
AT NN
300 L )V\\ o~
\
800 _Nb*O.zaoW/,N))M'\\ -
Nb +0.70 41 %0 /»3'\ \\\\\
400 | Wb+ 18201% 0~ NN WY -
Nt 18001%0 et N N\
200 ~.0+26001%0-" N\ W\ ]
. J —| i . | 1 D
O 1L 2030 40 90 60 7.0 6.0 90 10

A) 3.93 ‘=5000

B) 3.8 =400

C) 1,43 «1200

D) 6.43 «125%9

L) o -1140

F) 0 degaspsad -

G) 0 bLooaw-maltad - f
y >
b ke S0 Tl Roufon inad il Bkt """""V"'hg
v S
o
i 7%0usec

Temperature, T (9K)

Hep i the tleld at

At.8 0 (%"lld')wrc (%’-,’;)

.5 {s the reniutance ratio
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Critical field strenpth as & function of
tomperature for nioblum-oxygan system.
J s 7,2 Amp/em?,
which R/R, »®
value. [Ref. 13368)
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NIOBIUM-OXYGEN

CRITICAL CURRENT DENSITY

itv, Ce

3

adsamd s asmal o as

ical current dens
(Amp/cn?)
|

.-

aasamd

it

assnad.

3 ——l A ) b
C 1 2 3 4 6 6 7T € 9 10H 12 D14
Appiled £lold H (kOc)

Critical current dansity for niobium with 0,86

- a [P
aL.y \JI\Y)},(‘IIA

1. 0.8 nm dlam, wlie, soft annealad with oxygen

atons {n random solution.

10, 0.2 min dfam. wire cold worked with oxypan
atomn pracipitated et dinlocoticos,

111, 0.3 mm dlam, wire cold worked wWith oxygen
atoms in random golution.

IV, 0.0 mm dlon. wira nofy annvaled with partly
ordored uxyran atomy,

{Ref, 21039)

Critical current density for a Nb-O
system (0,70 at.% ") as & function
of applled fleld,

a) Ourpsssea and annealisd R =500
b) Annealed

Riboon (0.935 inchan x 0.006 fnchas)
6) Cold worked M | w.u. (wide side)

d) Cold worked H | w.a.

v

vire (0.30 incihes diam.)

o
109K

fRef. 15459])
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NiCBIUM-OXYGEN '

CRITICAL CURRENT DENSITY

e—v—v-r—vj—rﬁ-r—rj—r—v—r-w--\
g
= r -
g () B
vl
&~ 8 01} -1
C\ w
Eg o0 “
6\— 3 -y
37 2f :E;_:::sz--o i
ot T ]

E’

Q 0.8 1.0 (N}
Crygern content at.$

“Critical current donoity for Nb-O og a function of oxypen contont. Data
taken at 3(kGaussy).

I. 0.6 mm diam. wire, soft annooiou with Giygen
atons {r random nolution.
11. 6.3 mmn dlam. wire cold worked wlth oxysxen atomu
pracipltated at dinlocations.
I11. 0.3 mm diam. wire cold worka: ={th oxypon atoms in
random gyolution,

IV, 2.0 mm dtam. wire

3ofy annealed with pactly ordared

Id
v (49 8

oxyLen atomu. {rei. 21629)

<

Onygon contont, ppm

~ 2 . . . )
AR Bt M
“Litoct of oxypun AN .
content on <ritfeal @ ”.“L"kw,_a 1
currant dansfty In 8 300 . ¥
single cryrtyl 0~ ]
nlobium,  The data ﬂ(ﬁ 200 J
wure teksn At W, 2K | <
ond 2t thy upper o f o
eeftical tlold Mep, &
) S SO RS SNV
o 0 0 100 190
el n
Resltuivity rativ, Flﬂﬂ
u.y {Rel. 1y0¢7)
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NIOBIUM-O0XYGEN

CRITICAL CURRLNT DENSITY

Critical current ss a function of traneverse spplied finld

“103

10!t -
Hb+6.43 AT, %0
. ' -
3
~ 0° -
o)
a
Nb (6-7)
0~ ‘45 REC ,

1ot F‘ Nb+303 AT. %0 i
Nb OUTGASSED
AND ANNLALED

[=]
~
>
)
® -
S

—1 - LT Y

Appiied Tieid, H (koe)
Data taken at u4.2°K,

0.079 Inch Diameter Wire

As Annoaled at 1875°% Electron-Bean
Proporty Racoived for 2 lirs. in 3 x 107 °mm Hg Melted, S passes
Ranq9K . '
~ ng 600
P‘-}%gr 110 200 00
Te Q.QZ ‘ 9.2 939§
] i "
o ' : {Ref. 13366)
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NIOBIUM-HITROGEN .

SPECIFIC HEAT :

!
[«8
S oeT | o] [ ]
Aol o? - |
X 5_) ;
HE om0k ‘ {
o ' SYMBOL  FIELU (0AUSS) .
8.—1 | - Q ¢
3 g © 250 .
‘ vo 033} R - o 800
} 29 ) < 750 s
£0 M ° 1000 ’
| HY o8 = : )
| 3 '
x i h .
[ TR W W U N S S S

112 13 14 19 16 17 18 19 20 2I

Temperature, T (°K) -

N —

Hoat capaclity as & function of temperature for NbN. The sample was prepared
from powdercd Nb hoated in a nitrogen atmaspherc for 12 hours at 1300°C,

-

Q.
L
2 :::‘\ z .
| % 0200 e T 1 '
‘ -
| %2 0.108 | o - ‘
| o ) ?
e 0T foof—Oo 0 - ( :
e o b
< 0.186 bmedk S L i I
S o
5 0 400 800 1200 : I |
"2 Fisld strength, K (kGCauss) ' -
§ Huat capacity &8 o function ¢f fleld strongth at 11%A, A powdered Nb sample (a
{ way heatud In nitrogen for 32 hours at 1300°C, ' : -
- o | (Rof, 20629) i]
! . : _ ‘
P
v ' j-
X , J
il .
] 7l [ ’
A 1
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! NIOBIUM-OXYSEN
l SPECIFIC HEAT e E
Coefficient of Zle.tronic Specific Heat . 1
l. y (10°* cal/mole °K?2) |
| vV [oHca) 2 Ho 2 ‘ ")
At.3 0 e (G—TGA)TC 0.17(1.127
0.70 - 16,7 17.6
1.52 16.8 16.4 _
1.00 16.9 16.4 3
2.60 - 17,0 16.0
Data taken at 4,20°K
(Ref. 133662
NIOEJUM-NITROGEN
" MAGNETY HYSTERESIS
2 u 7 o 87 ! o ! '
M -8 i
. i
R ; |
§-sf ¥ § |
= -9 - NbC L
.§ -4 “"& - |
l\'\ + r "~ 1 51
8 sk i
“"d
o 2 F N
t i
o 2 4 8 ] |
Field ztrenpgth, H (kOe) %1
i
Magnetization for NLN 4s a function of applied field. Data taken at 4.2°K, 4
NDC curve is shown for comparison. R
: 24
(Ref. 21847] t
L
72 4

SRR

!

32

n

' . ".ﬁ
.‘ N P . P = AP PP PUE SO v,..hu';'uan&'. et mea dha o agbet ey e




é i e e e

| E LECTRONIT

P BORERTIES

T ey wic| ||| 1 NFORMATION
| J ) C ENTER

|
! =
. L T
!
) PREPARKD By SLECTRONIC PROPENTIES INFORMATION CENTER ¢« HUGHES AIRTRAFT COMPANY, CULVER CiTY, CALIFORNIA
j

NIOBIUM-OXYGEN

MAGNETIC HYSTERESIS

2000
! ~ 1000
x
3
=
-
H !
it 0
ey
Rt
o
&
g
g ~100J
; T
} ~2000

Fizid strength (Oe)

Magnetization as a function of field stremgth for the Nb-O system and Kb at u,22K.

a) Nb + 6.u3 at.% 0. RoagOK
' 'b) 0.020 inch diam wire, ﬁliéz_ 68.
- ¢} Sample referred te in tatle as annealed & outgassed.
£) Nb + 0.70 at.% 0.
e) Nb + 1.75 at.% 0. {Ref. 1336561
:
! & 0% [ jHe,
) & . 500 | Nb+0.70 AT % C Hee
’ 2 E o 1
. S 4 v P, Y
- )
E~ soo bt —1 111 YRR N MY NN N W S |
,‘:" 0o 1000 2000 2000 4000 5000 8C00 7000

Appliec field, H (Oe)

Magnetization as a function of field strength for a.Nb-O sample (0.70 at.% 0) showing
the upper @nd lower critical fields. Data taken at 4.2°K.

s _ {Ref. 15459)
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NIOBIUM-OXYGEN
| ' ) 8 T T 1
| l' DEVICE Hive
7TFH a0 .
. - 8 360 /
i > s} C 590
- g O 635 ‘1
£ 4000
- FalE- 3 .
[ :
Tunnel current through a Nb-NbO-Pb Rt |_ .
sandwich at 4%,18°K, at different 2 4
{ magnetic fields. Zone refined Nb K
! was outgassed at 2000°C and 20R ~ 3F -
thick NbO films were formed by heat- g
; ing the Nb to 40°C ia pure oxysen for £ ol B
’ l 2 hours. Lead was deposited to 10008 3 E/o /c/]a
' thickness. [Ref. 21733] i B,
] -
’ ‘ . A
0 ) b 2 3 4 5
i Field (mV) '
NIOBIUH-NITROGEN
! SEMICONDUCTING PROPERTIES
l . Electrical Thermal ~
Resisvivity  Conductivity . :eteck Coefficient  Hall Coefficient Notes Ref.
I P (uli~cm) K(W/ecm®K) S(uv/eC) R(10-" cud/coul) )
i ;
§
’ 60 0.010 - ~-0.13% - 3803
. 200 - -2.0 - - 11599
l - - ~1.6 - Arc melted 14991
. - - +2.8 - Aanealed v
200 0.033 - - -~ - 13703
" ) 450 - - - 2050°C 18_}.79
{.
* £ = +0.22 x 10723 (cm/V2sec?)
. R 2 2
l 6 = ;C_)T = n_u. - nn“',.
l ' n is the carrier coacentrations, p is the mobility.
i
i' 74
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NMIOBIUM-OXYCEN

ABSORPTION

1) Niobium was oxidized in a

water solution of boric acid
and bovax, then the metallic

niobium substrate was dis-

gsolved in hydroflueric acid.

2) Monoclinc NbOs,

NIORiUM-OXYGEN

)

ELECTRICAL CONDUCTIVITY

Electrical corductivity for a-Nby0g,
Oxide powders were pressed at 40,060
psi and sintered 1300-1350°C fer two
hours. Heasured in oxygen at:

£ 0.12 actmospheres

o 0.9 atmospneres.

[{Ref. 3274)

o)
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e m ———— - L e e mem—.

ission %

INSM1SS

Tr

ty, 9 (R-cm)~}

ivi

Electrical conduct

il T SNErgY {ev)
a2k 062

14 )
oo - O[T e _
80 ] 8
. :

50 |- 00 -
80 - .
49 60 ;
20 o

! [ a0 -
] 20 2 | y
Ol-iJJ;'l'llllJ_l|‘|‘|_|.|‘_u‘ L.;

3 10 '3 20 30
Havelength, X (p} :
: i
Absorption spectra for niobium oxide L

as a function of wavelength.

[Ref. 17133]

Temperature, T (°K)

12500 1000.0 833.3
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NICBIUM~OXYGEK

ELECTRICAL CONDUCTIVITY

Electrical copductivity of sintered a-NbyOg at
10-® a*m, prezsure of air after reduction at
the same pressure:

A) 8 hours at B75°C
B) 8 hours at 810°C
C) 172 hour at 869°C
D) 8 hours at 750°C

E)

1/2 hour at 800°C

Temperature, T, (¢K)

: 2000 1000
~ 10"
! i
”~~
8
[«
I
>
'y
e
>
o
0100
$ 1072 — r
aJ and sinte
6
O ]
w
glo‘ —
¥
~
(9]
)
b
ool L i L1 ¥ | )
0% 06 Q7 08 09 10 I L2

Temperature, {103/T °Kk-1}

ATy

Electrical conductivity for near-stoichio-
metric @-Nbo0g at 1 atm pressure oxygen.
Poudered &-Nb,0g was pressed at 15,000 psi ]

red at

S AIMORAFY COouelas Y CULVERCITY,

" ——1

10!

2
T

10- |

Log electrical conductivity, o (R-em)-!

P R TR S S T T
0810 1.2 14 L6 1.8 20 22
Temperature, (103/T °x-1)

[(Ref. 5936]

1380°C.
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ELECTRICAL CONDUCTIVITY

Electrical conductivity for non-stoichiometric a-
25,000 P;J. and sintered

lity at 1000°C are given below:

Sample designation

Temperature, T (°k)
s 500 100
'
° J Gi-ig | —
10 /"_“Eiiz—-__.._.
o L T

1072 -

Log electrical conductivity (Q-cm)”!

68-88-JM
| OO W

10°

0 2 4 6 8 10 2

Temperature (103/T °Kk-1)

L) 4
[

bo0¢,

haurs -
WSUls, O

at 1349400 For 2

RS
in air at 13 o oo

Nb,O,,

14

xyzen content and electron mebi-

Nb,0g powder was pressed to

Electron mobility, u

(em?/V sec)

Xy

4.8633
4.9326
4.9558
4,978%

.99k

61-16

59-3¢
45-5u
64-76
68-4-JM

62-7 4,9980
" 4.9980

4.9986

68-90-JM

€8-88-JM

0.211

0.25u4
0.13%4
0.192
0.228
0.284
0.221
0.231

[Ref.

h168]
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Tenperature, T (°K)

NIOBIUV -OXYGEN
- 1000.0 8323
ELECTRICAL CONDUCTIVITY Buc 1 T
Flectrical counductivity for nioblum oxide. j; !
B T
R Al S ooy
A u-Nby0g powder, pressed at 40,000 psi & ‘
and sinteraed at 1300-1350°C for two hrs, ~ :
>
o Nby0g single crystul, ‘E
(Ref. 3274] €
)
h:
9
Y
-
S ot -
-y
E
v
@ (4]
~
w3
’ [+
’a i
1078 H ! ) ) 1
NIOBTUH-OXYGEN 0.8 ot Lo N 1.2 "3 1
Temperature (103/T °k-!) Y
ELLCTRICAL RESISTIVITY f
i
a H' Y Y T La— T i
. | I |
e 14 4 ‘
bH - .
Ed 12} - v, it
o ] -
LT ) n ]
w6 - o
& & o . . oo
3 - The effect of oxygen content on resi-
N oe 4 dual resistivity of niocbium. Data
By : 1 taken at 4.2°K on sinple crystal niobium.
SR 2 - - .
tH . s | After treatment, S ppm ox,gen remained
© ogd((( " and the content si.own in the graph wus
—t
(%] i added,
Q H -l 1 L I 1 1
(! 0 ~%00 Yoo a0

Oxygen content, (ppm)
. 78

[Ref, 19627]
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Temperature, T (°K)
NIOBIUM-OXYGEN 1000 300 333
ELECTRiCAL RESISTIVITY o ! ! }

Electrical resistivity of sinteced
polycrystaliine niobium oxide with
~ - varied tungsten content, (Nbj_,W,),05,

o (Nb,ggW, 0405,

L dadian. - o

Electrical resistivity, P (fi-cm)

-

O (Nb,9975W,0025)205.

& (Nb gs¥, 15)200, \ I
|
¥

Temperaiure, T (°K)

1000 200 100 o L
oK ] . [ R R T B B B L
o 10 1A (K] 2.2 26 30 L4
Temperature, (103/T ok-1) "
’E P
(4]
. FEEEN
«< t
- |
€ 1000 |- )
>
hot L
2 Electrical res'stivity of sintered y
1 polycrystalline niobium oxide with
@ varied tungsten content, (Nbj.. W, 1205, {
: | l
5 00 b- O (Nb q3¥W 97)20s.
B e (Nb gsh 15),0s, ! '
@ V. (Nb_guW _g)05, )
- o (Nb qsW 05)20s, ' i
B (Nb geW 04)05, Loy
. S N A A S e O | [
0 1 23456 7¢€90I11i2I1314 _ 1.
Temperature, (107/T °Kx™1) (Fef. So5¢|
?
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reduction and (o)lowed Ly homopenization at
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NIOBIUM- NITROGEN

PI'OTON EMISSION PROPERTIES

z

(=4

(==}
~

A\

LB.

A=A

B WM

The L nerios opo-ntra for "IbN,

1 Relative valuen of the varlatlon of the Lﬁz

Curves arc given for NbBy #bC and Nb for comparison.

{Ref. 16346]
| I, Liny dntensitios for ML compounds:
Linc KL NbH NbC NbB,
Loy ‘00 100 100 100
Lay 11 11 11 1
L) 60.0 60.5 61.0 62.0
L, 9.9 ' 9.5 9.9 10.2
' ;'f’,:’. 5.3 .0 4.0 3.5
Ly) 2.0 1.47 1.48 1.40
Ny 0.56 0.39 0.39 0.36
Ny 1.27 0.91 0.90 0.77
Npy+Hy 1.83 1,30 l.29 1.13

and Ly) lines for equal Lg. intensities.

Line Nb NbN NbC NbB,
J | 100 71.5 72.9 - 68.5
Ly 37 26.3 27 . 216
| ! [Ref. 153us]
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NIOBIUM-NITROGEN
PHOTON EMISSION PROPERTIES 1
Integral intensity cf Lg. bands for niobium nitrogen system, taking LB line for )
Nb as unity. “ 2
At.% N Integral Intensity =
6.32 0.68
6.8 .79 -
2.1 105
10.2 1.10
11.9 1.10 )
12.6 0.74
[Ref, 163u7]
1
(]
>,
b
a M emission band for Nb-N with 12.u44% nitrogen.
@
E™]
5 [Ref. 19820]
( N
1 L3 i Il_4
63 &2 61 60 -
Wavelength, A {A)
NIOBIUM-OXYGEN
PHOTON EMISSION PROFERTIES 1 17T -
— L -
M emission bands for: PR
o
1) Nb205 g | [
@
2) Nb (cold emitter) = > .
) [ fe
3) Nb (above 1307°C :
) Y \‘3 L ‘
_ P B
{Ref. 19820] €4 63 62 61 €0 59 [
Wavelengthn, A }) L.
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LATTICE CONSTANT AND TRANSITION TEHPERATUTS

- Lattice
. At.% N Atomic Ratio Symmetry constant (R) Transition Tenp., °K Ref, e
! N/No 0/Nb ) €= Midpoint Onset Complete . 1
\

8.7 .05 02 @  bee 3.311 - - - - 20714
E : " " " " " - - 5.28 6.5 u.Q 9655
| 12.2 s .01  oB hep 3.050 4.958 - - - 20714 ,
‘ v " .03 " - - 6.02 7.2 5.0 9655 4
} | 27.% .38 .07 hax - - - <1.94 - " N
, | 35.7 .58 .02 hep 3.030  4.989 - - - 20714 , !
! " S i - eo - eess L
I 39.3 .85 .05 B | ©.386 4.367 - - - 20714 i
: 39.7 .86 .10 ' - - 6.0 1.6 - 9655 | :
{ u3.s .77 .07 4.386  4.329 - - - 20714 ‘ !
| " " “ ! - - 9.92  12.7 €.0 9655 | 3
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Transition curves for niovium nitride with resicual oxygen.
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CPITICAL FIELD

Temperature, T (°K)

/'Critical field for niobium-nitrogen system with residual oxyren. Schroder's data on

niobium nitrogen systems was supplzmented by these data with residual oxygen. Some of
the procedures used in the preparation of the NbN samples were eliminatred and c.xygen re-
mained in the followxng amounts* . i

I

E 501 1501 \ @
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E 00 00
- '
o
\
: O s - \
A Y
g Lt J\
s 3580 64 8
1%
{ ® !
£ o-
n ' m,m-o‘”
o 100 00:
E s ! \
o
A |
: s0- l
{ [ DR SO PV S . L A N
36 %TIE TP i do q)‘ “ig3 mE 0 & d 5 3

1) MNb
27 NbNg.ps0g.02 _
,L3) NeNg,1400.03 T
© . ®) NbNg.gg

| gmus B aaned
{
!

~ S} NbN5.6¢00.10
{‘ ©8) NbNg, gg
. 7) NbNg,7709.¢07
y ’ « = 8) NbNg.g400.q8
. !' e - © [Ref. 9655]
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Tcmperature, T (2K)

Trearsitioa curves for niobiwn-nitropen system with additioaal metals. Strips of niobium
“ 2mm ¥ G.Qnmin vere alternated with 1-).5%mm x 0.35mnm strips of the additional metal, These
L samples were rolled and hecated 1 ~ 2 hours at 1700°C in vacuwa, Then the diffused metal %
specimens were hzated in nitrogen at 30-49 atmosphers of pressure for seven hours

| D 1) M 4 T
2) HLN + Zr
3) MLN + 1a ‘

#4
] 1, fRef. 9617)
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NIOBIUM ALLOYS AND COMPQUNDS
NIOBIUM-MAGNESIUM AND NIOSIUM-ALUMINUM SYSTEMS
GENERAL
Nb-Al Three distin~t compounds are formed in the nilobium-alumlnun bincry system;

Nb,Al in the B-Wolfram pnhase, Nb

3 Al in the o-tetragonal and Hlv/\l3 in the tetraponal. The

2

data available four these compounds include transition temperature, critical {ield, mag-

netic hysteresis, and magnetic susceptibility.

Lattice constants and transition temperatures are given for four ternaiy compoundas;

Nb3AlO.SG

80.5, NbAl Sbhb , and hb_Al Sn , With B-Wolfram structure and Kb _Al _C in the
X 1l-x x  l-x ?

3 3

B-manganese. The nature of this latter structure is not fully understoud and the lattice
constants given for this material are those for the hexagonal subcell of the H phase.
Jotinston, et al, [Ref. 17803] claim that the B-manganese structure is favorable for the
occurrence of superconductivity, however, in the niobium-aluminum system the R-tungsten

structure gives better resuits.

e . 18 2, cs
Irraliation with fast neutrcns 1.5 x 10 n/cm , increases the critical current

£, 9
e .
density, [Pef. 15568]. Primary flux 0.3-5.0 MeV. AJ/nvt (l—i’fm— ) = 1.75.
1938n/¢m?
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Phasc diagram for nloblum-aluminum alloys. Fewdor samples, arc melted {n Heo, 400-50¢ min

Hy pressure
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NIOBIUM=-MAGNLSLIUN LYSTLH
- TRANSITLION TILHIPLRATURL
Hh<lg Tho transition tompersature for a niobium-magnesium sample, NLH82' is given
‘ay 5.0°K [Raf., 107e¢n).
! NIOBIUM-ALUMINOM
TRANSITION TLMYLRATURL
Lattico Consta..t and Tranaition Temperature
NL=A)
o Transition
Lattice Conutant (A)  Temperature
At.% A) Crystallography LY <o Te (%K) Notes Ref . .
. - . J
29 NbaAl, f-tunguten $.1U7v, 007 Poeused pellec 14387
f.red in He :
sve fuirace |
-- -- 16.0-10.0 ~- 94290 I
.- -- 17.0 - 13020 !
.- -~ 17,1 Fircd at 13155
1500°C,
== - 170 Vivaed at ' |l
! 1%00°C.
~~ .o 17.%6 Mclted pranu- lgugz
lur cempacts,
- -~ 17.7 Arc-cast, bc- 15568
. fore irradiation
.- -- 17,48 Irradiatiedw/fast "
neutrons, )
1.5 x 1018 n/cm?,
0.1-u4 MeV.
5.1¢2 - 15.7 - 16552 |
! 3 NboAL, o-tetragonal 9.957 5,167 -- -- 11389 ‘
' " " - -- 7-12 -~ 9240
i 75 NbAly, totragomal  5.439 8.601 - - Hansen
}
i 92
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Atomic percent Niobium

Transition temperature for a pressed, sintored, niobium-aluminum alloy as a function of

niobium content. [Ref. 19u82]
® I
i -~ nressed powder, presintered o
{3 hr. at 10LC°C in vacuum) o Jﬂﬂ“--‘b*:j;:x__“”-‘\‘
3 ir 1y 3
2 - pressed powler, without M

presintering

3 - compizt granules, without I #

resinterin !
P & Ry Al ’ Ny Al

itd
Temperature (°K)
»
—
r‘
.——;'/‘-‘1

e ey

() 72 T8 a0

Atomic percent Niobium
Transition temperature “eor nicbium-zluminum alloys as a function of ztomic percent nlo-
bius. Raetz and Saur claim a higher nurity for the samples prepared froa granules than
those prepared from powders. Their szample preparaticus show a lower absorution of rases

by the granules. [(Rer. 1948°]
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NICRIUM-ALUMINUM

TRANSITION TEMPERATURE

Transition tempe.ature as a function of

sintering temperature for a pressed,
sintered niob.um-aluminum (Nb_Al>

powder., [Ref. 19482) 3

1.
T T ! 7
.g 1// I{V .. . . .
b < I £ i Transition curves for niobium-aluminum
o« PRTSS %;5 ﬂjsm /707 alloys. The niubium content (at.%)
9 5 os i ] present in the allov is indicated
g @ 7 v e th Sampl
on the curve. Samples are arc-
SCZ 5L/' ez abd.. . s la o) L o _,_[3__) R S
© b b | _A ———d Ay MELTEA L1IUI @ PreddSeu uiwues
‘5 _/ - ~ J /.:iu/ . j Wwithout presirtering.
<] ] |
o 152 195 16.0 6.4 186 e 176
Temperature f°K)
10 -
s " T
4
-1 l < 27 A
& L p // o
718, hd -
. : : L CEPs Wy A A AT L. B g :
Teansition curves for rniopiw--aluminum Q& ©* f V4 . T35 M
alloys. The niobium conter* (at.%) in @« f ]7“ ? ] R
the alloy is indicated on the curve. R 7 ] 1
~a gt 1 From » ) ( '
Samples are sintered from 9 ol A I | o~
a presced powder. ~ e 182 166 17.0 i 178 "L
Temperature (°K‘)
{Ref. 19u£2]
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CRITICAL FIELD

1 - pressed powder without presinteriug
(70,7 ax.% Hb)

2 - compact granules without presinterirg

]

E LECTRONIG
F ROPERTIES

el | NFQRMATION]
C ENTER

(75 at.% Wb, Nb3A1)

3 - pressed powler presintered 1 hr. at

1000°C in vacuum (75.5 at.% Nb,

For this sample éHc = -40 K0e/°K

T

~~

]

L 00

Q

X 4G0 1

5 s0o0 —

: \

PAEY) -

Té 10 Xl ‘x m !

0 —

'g ol \\ l‘ J
NbBAl) :: NE 1e 173 RX ] KA 190

£,

3 Temperature, T (°K)

Critical field as a function of temperature for niobjum-aluminum alloys. Samples were

arc-malted.

MAGNETIC HYSTERESIS

The change in magnetic hysteresls B as a
result of fast neucron irradiaticon of

a niobium-aluminum alloy. The

was arc-cast from powder,

sampie
Berore

irradiation, the magnetic hyster-

esis B8 of the zamnle, was egual
to 60 Oe in a 4000 Oe field.
Primary flux, 0.1-4 MeV.

(Ref. 15568]

(Kef. 10402,

~
~

o
e
E 00 |-
&
" O
- O
jragi .
o @ <
5@ Wug &1 _,7§
P t)' YOO - Are Ceat
rd l‘q) .
G -
g~ /
T
: |
& o 1 I 1
[ ]
asa® 10u100® 10a00

Fast Neutron Fiux (n/cm?}

., neutron Applied Field (oe’
irradiation o
filux (n/an€)| 2060 3000 4000
= Magnetic hysteresis for arc-cast Nb Al,
16 < g y 2 V..
5 % 10 187 123 =3 rimary fiux 0.1-4 MeV. J
3.5 » 1017 3L 205 147 [Ref. 17620]
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NIOBIUH-ALUMIKUM-M
TRANSITION TEMFLRATURL

Lattice Consrant and Tranuition Temperature

o
Crystel- Lattice Constant (A) Transition
Formula lograpiy ao Cr Temperatine (“K1 Rotes Ret .
HhBA]“C R-mangancse, 2.07 8.02 < 4,2 Sintcred and an. 17403
- H phase, hex nealed o¢ 1000°C
subcell In vacuur furnace,
tnoled
Hh AL G f-tunpsten 9.17% .- 12.6 Powder pressed € 131y
ORI -
sintercd 3 lourg
at 1400°C,
l Sty - - - .- 540
lbgAl.a b, 7.7 1954
9 - -~ - -a b - t
"l)3A1<'3.)lJ> K < 4,2 .
b, Al Sn -- - .- - =° 1315%
37 l-x
A Luminum 1¢ hours, 9507C 16 hours,, 1200°C 3 hours, 19C0°C
cuntent o SIAC o o T AT
X 3 'gﬁ_ " % ‘e iig % c e
¢ -- .5 .4 R L U 0.7 -- - --
07 - 17.¢ 0.4 ~e 17.y o.M - .- -
-O0u -~ )9.0 0.2 ~- 16.0 ¢.? .- ae .
.00 - 17.4 0.2 - 16.0 0./ - - -
0y -- ~- -~ -- 17.9 0.? -- - e
Sy -- - -- 14,2490  18,n Q.01 15,2806 )1L.3 Q.4 -
ey, 281 16.2 ).3
A2 - 1/.8 G.3 - Fly.n 0.3 -- -- -
.20 -- -- -~ 15,290 16.9 0.7 $.7277 13,1 2.9
Y -- ~- - “5.727% LN g.n ALY 190 0.9
MY - -- e 15,770 1.7 G.4 .20 14,y oL
£ 30 -- o -~ Y9202 Ju.h gL L2 A S ONT
-9 .- .- -- -~ -- -- 15,200 10.1 1.0
1.00 -- -- -- -~ - .- 5.166  17.1 0.

*Aic 1y the width of the transiticn vegion. Al)l powderod samples ores’ ed and sintered
except as fcllows: 1 not pressed botore slnrering, ** sintered sumple was vefired,

1 a sample with x = .10, fired for 3 hours at 1U00°C without preasing had the foullowing
values: a_ = 5. 276K, T, t 7.3%K, AT = 2.6
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NIOBIVA-ALUMINUN- 4

TRANSITION TEM2LRATURE

[ 3. SV
4+ ” )

= "'"1

1200°¢C

ég"{ ozs ‘

o
v 822 1560°
R < / e |i5060°C
v o

R v °

slunipun Conmponont, %

Lattlco congtants &3 a functlon of compo-
oition for NbjAleSn)., .

Samplec wore pregsed and sintered at temperatures indicated.

MAGKLTIC SUSCEPTIBILITY
Loy -

Trangition

~—O0— UNIRRADIATLO

3 (SN
L)

1

!

H

~~

- — e
3. 9 v [ :
5 l
3 2 ‘
6« 18y ‘-
'3 [ 0
K [ 'y i
- |
] . A 95°°c {
[ ° 2007 ’
&= é ’-zt 9 1gno®
FoA T N U l
1o 06 02 o
Aluminum Componenrt, x .

temperature of a niobium-aluminum -
tin alloy as a functiur of » in

Nb3Alxsnl—x'

(Ref. 13155) |

e —

g ~—0— 156110 THERMAL NCUTRONS 7CM? :
B, \ L
4]
ot
n ' .
o - \O\\Q :
(%4 ‘. .
hoEo \ L)
0 @

9% l .
o=
S -
.J
5o -
s Y
N ' Y T ;
o ™\ !
% T +16.94°K l
| y
7] Sp— J - - S R al .
13.5 16.0 155 170 i
Temperature, T(°K) .
Nermalized susceptibility for NbjAl with .321 at.$ U. The powderad sanples were [

grouny [rum an arc-cast ro d
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CURRENT ZENSIITY b
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[
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A lue 1
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[ 230K !

- ool
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A 1700 N/
5: Bg_f : 1Y Ch, 1
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[ . Anpliea field, H (KJe)
!

Current density of NbaAL as a function of applied field. The powdered samples, {70y par- !

-

ticles) were eground from arc cast iugots and irradiated by thermal neutrons. The sam-

ples contained .32]1 at.% U,
[Ret. "1908]
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NIOBIUM-SILICON AND NIOLIUM-PHOSPHOROUS SYSTEMS

GENERAL
Ho-Si Until recently ucne of tha niobiun tiiicides showed a teansition tempora-
ture above 1.20K'. The 1963 paper of Galasso ard Pyie {Ref. 21256) reports a NbzSi com-

pound, with an ordered CujAil etructure, to hiave a T¢ of 1.59K.

In a2 1664 puper, Gold presented an empirical method of predicting the transition
temperature of suparconducting alloys and compounds. He claims that if NL4Si were to
assumc a B-tungsten structure, it would have a transition temperature between 22.6 and

50,9%K. %

Une attempt to form niobium and silicon into the B-tunpsten structure was made by
Holleck, e+ al. They began with B-tungsten Hb3Sn and added niobium and silicon in a 3:1
ratio. The samples were hot pressad and sintered for 50 hours at 1600°C, For composi-
tions to 50 mole percent Nb{(3)Si, the XbaSn-Nb(3)SI system was Loumogeneous. The lattice
constant at the 50 percent point was 5.25 3. Projected to a possible S-tungsten struc-
ture, Holleck et al. claim the latticz constant for Kb,Si to be 5.19 X. There is fur-

ther doudt about the existence of .this pha~e since the NbgSia phase will suppress tne

g-tunpgsten structure [Ref. «1u457].
NL-¥© o transition temperatures arc reported for the niobijum-phosphorous sys-
tem. However, electrical resistivity data are given.

t The 1.20°K values come from [Refs. 9695 and 9793). fRef. 12216) gives the lowest
temperdature measured: Teo = 1,029K,

% Cedd, L., FUYS. STAT. $0L., v.4, p. 261 (1
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NiCBIUM-GILICCH

GENFRAL '
Lattice Constant :
[+]
Lattice Constant {(A) '
At.% Si Formule Crystaliography % “o Ref. (-
25 Nbasi cubic: Cuahu o N.Zile -- 21256 [‘
7. i 7.8 .2u8 * -
37.5 Nb5313 D88 7.5368 S
" c—quﬁia retr: Cr B3 type 6.579 11.88u 21616 l
" 8-Mb 51, tete:  Ni P type 10.018 5.077 " t
87 NBSL, cuo 4,785 * 6.576 * " {

.005 .005
4 Scuachner, H., et al. M. CHEM., v. 85, no. 1, p. 245 (19%4),

T @, = 4.207 HC! transport method of preparation [Ref. 218u43]. |

NIQBIUM-PHISPHORQOUS 1

LLUTRAL
Lattice Constant : ’
o [
Lattice Constants (A)
goip_ound ao bo b B Syrmmetry Ref. ,{
]
NpP 3.334 - 11.378 - tetr. %
NBF, 8.876 3.268 7,929 11998 25 monoclinic 20198 ! ';
* holler, H. and L. Partpne. ACTA.CYYST., v. 16, p. 1095, {163}, [ ;

100 P
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NIOBIUM-SILICON

GENERAL
( 2830 -~ — 1 Lo
‘ \
1 t /
2400 Nh5+553 |
LIQUID
. ~ Nb Si
' [3) 2 R
1 o
A
.. 2000 .
$30°C
{ Q; \— - - —qN
2 g Nbs S:, \ .
2
+! +
S 1600 LiQuio| °© 2 !
L] R
2 Nby Si | bg Siy  [NDSiz Y i
@ o+ + + + \‘ 4 |
& Nb‘Sl Nbs Sl, Nb Slz ;-L!_Q-U.'Q, - 1
1200 - -
NbSig
- +
. si ]
800 l i A ! i 1 1
) 0 20 40 60 80 100

Atomic percent silicon

Phase diagram for the niobium-silicon system. © observed melting points.
Ref, 21421)

! t:o 8.3 = | T T T
T
“ —— -
2 \ o o
S ~ o
! Yo 823 - <:) ~3 T A - single phase region
(4] - - -
S ] & B - two phase resgion
& [}
r'i' 827 L 1 4. 1 1 :

WNbaSn 20 40 60 80 Np{3)s: )
i Mole% Nb{3)Si

(9]
tartice constant for the Nbasn—Nb\J)Si system, - 50% Kb(3)Si a = 5.25 A and the prob-
: [}
' able lattice constant for a f-tungscei Nbsci is given as 5.19 A.
| ' | [Ref, 214572 i
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NICBIUM- STLICON
SEMICONDUCTING PROPENTIES
y
Seniconducting Properties l: .
Electric..l i
Resistivity Theimnelectric EME Hall coefficient j
€ ufl-cm) uwv/oC Rx1C""(cm?/coul) Notes Ref. v '
£.3 -- -- ¥bsi, 18173 l '
Z2h.5 -- - o 13723
s0.4 () + a4 -7 " 1€%93
- (3) 13.% - NbSi 14991 I Lk
arc—meitcd :
- 13.7 -- HbSig l
annealed s
- B.74 -~ s
Hb511,95 i
arc-melted J
-- 10.3% - : '
Hbsll.gs
annealed
!
-- 12.4 -- NbSi |
.0 -
arc-megtea
- 11.57 -- NbSig. 05 l '
annealed L
¥ Hall mobility :u, = 1.5(cm2/V sec) | o
;j !.
o NIOBTUM-PHO! PHOROUS II o
h ELECTRICAL RESISTIVITY 3
g Ripley [Ref. 11072} reports the formation of B-NDP with the followiup percentages: (o ?ﬂ;
i': Nb-74.4% and P-24.9%. The 2lectrical resistivity is reported in the table beiow. b N
- e i
| P(Q-cm) ] o
200°¢ =197°C . L "
1.7x1073 0.4%10-3 | . B
[ ! P
: EX
L.
102 !
» :
i b
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HIOBIUM ALLOYS AND COMPCUNLS
K10BIUM-SILICON

PHOTON EMISSION
Integral intensity of LE bands for niobium-siliccn compounds, taking LB line for

2 2
Nb as unity.

Compc und Intensity
Nb5513 ¢.66
NbSiy (w/impurities) ¢.99

{(Ref. 16347]
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5 NIJOBIUM ALLOYS AND COMPOUNDS
i KIOBIUM-SCANDIUM, NIOBIUM-TITANIUM AND NIOBIUM-VANADTUM SYSTEMS
GENERAL
j, No-Sc Tk : transition teiperature given by Hake, et al [Ref. 10713] for Nb-15Sc

is greater than 4.2°K. This allsoy was formed by mclting the components in an arc-fur-
nace on a water cooled copper hearth, inverted and melted at least six times. Rapid

d guenching resulted after the arc was Lroken.

) The critical current density measurements were taken opn a cold rolled
allov reduced 83%. Jo is determined by increasing I until a slight voltage is noticed,
~0.25 V.

Nb-Ti The niobium-titanium system assumes a cubic structure except in the titan- ;
ium rich region, 75-8C at.% titanium. The transition temperature shows the change of

thase near 83% titanium and extrapolates to TC = 0.5°K for non-allcyed titanium.

The difference between H the measured upper critical field, and HCQ*’

c2’
the upper critical trield irom the GLAG thecry, is discussed by Shapira and Neuringer

{Ref. 21&us].

Rp-V The niobium-vanadium system assumes an alpha phase solid solutien through-
it the entire range of vanadium compositions, and the lattice constants feor this sys-
tem decreasz linearly from a, ™ 3.32 for niobium to a_ v 3.03 for vanadium. The transi-

= o -

ticn temperatures have a value of TC A 9K for niobium, reach a minimum of TC v 4°K and

then rise te TC A~ 5% for vanadium.

{ ,. ' 104
|
|
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NIGBIUM-TITANIUM kionrue percent titanium i
L
i 203040 %0 € 70 BV ”n 100
NI 2
GEREKAL 2800 yy=r—T—T 71T l'””’j
41C °C \
2600 -~ —1
2200 T
- -~ L “
°\ LB S~
~200¢ | g o .
o ~ -
° \1’\\ S
- 1800 - S
[ ¢ 8_~“5F“"H
1000 : - r . 1890 - R l l
£ -
[-Ies O :_.; 1400 - 2 -
U 800 |- % 200 | s [
2 I . 2 :
700 |- PP // E 1000 N .
- e ! & .
600 |-~ : £ |
5 usB / o0 B i '
I 500 - . . 500 TN R S VO WL, Lol SN | al
ha
£ 400 - // . 2 10 20 30 40 SO €D 70 80 90 00
& 300 | / T Weight percent titanium
]
= d R . .- R .
200 - / Ms CURVE Fhase diagrum for the niobium-+titanium
100 - ! . sys*tem. The phase changes frown B .
0 4 /1 ' {cubic) to mixed a (hep) and B ,7
70 80 90 100 phases in the titanium-rich regicn. —

Atomic percent titanium e

P L LRef. 21471] ,

i

Tre high titanium region or the niobiuw- L
titanium pnasediagram, showing the

S~y Y 4 - »
mariensite curve. '

i
[Ref. 12583] i

[Ref. 21471]

, (A)

e

a

2o 40 60 80 100
Lromic percent titanium

Lattice parameter

Lattice parameter of tne nicbium-titanium system as a functicn of titanium content, Vg
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NICBIUM-VANADIUM

GENERAL

o —

Phase diagram for niokium-vanadium
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|

P
s
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; system.
3T T TTT T T
= 3.32 -
1
| -
o sk
S ~
l ruo 328 -
_ e i
i S 3.20 ¢
2 _
' a
&) 3.16 -
(o]
! ® -
(. 2Rk
. b B
: A 308}
3.04 |
[ T R T L A S |
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b

Atomic percent vanadium

¢
Q 10 20 3C 40 50 €0 7C 52 90 O

v

emperature, T (°C)

~

1

Atomlc nercent vanadium
102030 240 30 €0 70 80 &0 100

o
1T 1 T 17T 171 “]

ati |
- i
2200 Qf'// . y

1600 ~

180G -~
a SOLID SOLUTICK
1200 ~

N

800 |-
AT U R SN AN NS VAN B B |

Nb 10 2C¢ 30 4C S0 60 70 80 S0 V

1000 1

Weight percer~ vanadium i

[Ref. 21u86]

attice censtants for the nisbium-vanadium
system. Nicbium in sheet or p2llex form
powder, was melted with sheet vanadium irn
an arc furnace. The alloys were remelted
three or four tires to increase hoino-
geneity. Data taken above 353°C.

[Ref. 21ubc])
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NIDEIUM-TITAMILY

TR

Transition temperatures for the niobium-titanium system.

Transition Temperature

T (°K)

Traensition temperature for the niobiun-

SITICKN TEMPLRATURL

siowing the phase chanze.

[ref. 12583)

10
9
a
7
6
1]
4
3
% t I _;T£T=:£
50 60 70 80 90 1GO

Atomic percert titanium

titanium systerm.

5 (Koe)

(o]
et
"

x H=293

[(Ref. 21849]
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Trancition Temperaturse
T (°K)

I | L 1 ] ]

[o] 02 04 06 08 1.0
Atcmic ratio titanium

Transition temperatures for the nicbiun-titanium
system in the titanium-rich zone, On ex-
trapolaticn, TC = 0.5°K for titanium.

© slow cooled
® water guenched

[Ref. 12583]
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r NIOBIUM-TITANIUM Temperature, T (7K) |
TOBIUM-TITA U 3.16  4.47  S.46  6.37
!- TRANSITION TEMPERATURE ! ' T
hep
~ - 1
l a
- L ﬁ
> . .
b Tis.9¢ Mo.0u
{ — I 4
{ © s g
‘Transition curve for single phase hcp § s .
: - 14 o
Tlo 96Nbo ou from permeability o
measurements R 3 7
- e
5ot e 1
o R
[Ref. 15532] e .f i
| H
s ]
]
—LiL H L J
0 10 20 30 a0

Temperature, T2 (oK")

Lattice Constant and Transition Temperature

° Transition
Lattice Ccacstant (A) Temperature
P

Q
Symme try % ‘o Tc (°K) lotes

at the B-(c+8)

boundary

arc-melted, ccld
rolled, annealed
650°C, 2 hours
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GRS T2
-
NICRIUM-VANADIUN el = .L
~ |
TPANSITISN TLNPLRATUPE o .
- 9 . l
- o)\ 7|
AN
5 TF
= 6l {
~
g oS -
Transition temperature f.r nickium- E 4} .
vanadium system. & 4L _ !.
c
. S o2k . t-
7*; 'l"‘ r 1
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Critical current density for niobium +
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4,20K
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b 39Tl.61 0.0051 in. diam. wire
Nb 50Ti 50 0.0016 thick strip reduced 275:!
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Critical current density for a Nb-40 at.% Ti

alloy as a function of the orientation of

H with the rolling plane of the sample.

H 1 rclling direction

- J || rolling direction

H = 30 kGauss
T = 4.29K
24 : 1 reduction

(Ref. 153u44]
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Ti H|| Hl
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CURRENT DENSITY
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Aging temperature, T (°C)

A niobium-titanium alloy (79.3 at.$% Ti) was machined, slightly rolled and recrystal-
2C. TFurther rolliug (80%) and aging at temperatures, shown O

graph, markedly affect the critical current density and upper critical field.

H,, before annealing 110kG (1.2°K)
} H o after anneaiing 128kG (1.2°K)
{I - Data Taken
H = 30 kGauss
= 4,2 %K

t T

[Ref. 19868]
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NIOBIUM-TITANIUM

MAGNETIC HYSTERESIS

~

I g§ 1000
P o b+3.0 AT % T 100 .
500 Nb+3. A o "
2E 0O m O o ~— ;
@ X
% 800 ot g s b Ll
= O 1000 2000 3000 4000 6000 8000 10000

Applied field, K (Qe)

Magnetization for niobium + 3.0 at.% titanium wires. Homogenized by passing large cur-
rents through the samples at <10-5 mm Hg vacuum for 4 hours at 1700°C.

[Ref. 15459]

Magnetization
(umM)

1 A1 1 1 i

1000 2000 00 4000 $000 6000 T000
Applied field, H (0Oe)

Magnetization as a function of applied field for a niobium-10 at.% titanium alloy. Data
taken at 3.56°K.

a) Rods, 1.2 cm long, 0.6 cm diameter

b) Powder, 45-60 p particle size

[Ref. 10778)
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NIOBIUM-TITANIUM

SPECIFIC HEAT

J/mole °K2)

-3

Specific heat, /T (10

¢

3

Temperature, T (°K)
3.16 4,47 5.u48

6.32

- ol ke

10 20 30

Temperature, T (ox?)

-40

Specific heat for single phase, hep, Tio 960 .oy 25 @ function of temperature.

Coefficient of electronic

(Ref, 15532]

Magnetic and Thermal Data

Atomic susceptibility

specific heat, Yy Debye Temperature X (Nb-Ti) X (Nb-Ti, 10°K)
- - 1 ~T3 ]
At.% Ti (J more™ Y o2 6 (°K) X (Ti) X (Nb-Ti, 300°K)
96 4.3 340 1.05 0.92
[Ref. 15532]
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NIOBIUH-TITAKIUM Atomic percent titanium
ELECTRICAL RESISTIVITY O 20 40 €0 80 100
140 j——r—1—T1T— 71
L -
-y
> 120 |- -
£
. f;; 100 - ° T
. Electrical resistivity tor the nicbium-titarium " 'g 00
Data taken at 1,2°K. H &
.
Standard sample preparation. '§ S sor y
.
o two phase & 40 |- -
- » single phase b
. -
FIvl o
[Ref. 11924] e . T
L ] ’ 0 i i | { 1

5.0 40 46 44 42 40

{ ’ Electrona/atom

180 T T Y =

{ ‘ > ol ) ' 4

o ”° Electrical resistivity for the niobium-
[. o titanium system as a function

£ 00 |- -

ao of titanium content.
t ° E .

- ]

geer '

I [Ref. 21728
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NICBIUM-TITANIUM
CTRICAL RESISTIVITY

Electrical resistivity

Electrical resistivity for a niobium-titanium alloy with less than v35% niobium.

ples were arc-melted, worked, annealed for 20 hours at 100°C, then quenched.

LI
180 |- .
& 2o | -
[e1
S el
o 7
wl -

I\ ) T | 1 | I {

O 200 400 600 800 1000 1200 HQO
Temperature, T (°K)

The sam-

[Ref. 21728]

A niobium-titanium alloy (79.3 at.% Ti) is pre-

g 10 v v v v pared as follows: The components are arc-
R . .

EQA os} Pa/Py j melted together, machined, slightly rolled
g o 8 i and recrystallized at B00°C. The sample
oo 98} 4 then undergoes further rolling (80%) and
'§ 3:5 - ’ 1 aging at the temperature shown on the

§ foTrF &f 1 graph. fa is the resistivity

5; —_ " \ ' prior to aging‘and Py after

100 200 300 400 500
Aging temperature, T (°C)

12§

aging.

[Ref. 19868]
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Pesistance ratio

Resistance ratio as a function of field strength for highly annealed Nb gTi 1 with

small amount of defects.
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Temperature, T (°K)
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[Pef. 21841]

Resistance minir 1 for Nb highly annealed

giye
with sm3ll amount of defects. R/Rn is rela-

tive, with the vertical scale corresponding

to R/R = 0.0). The discontinuity in the

constant field curves corresponds to the

X point of liquid helium, TA = 2.19°K.

[Ref. 21841]
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! NIOBIUM ALLOYS AND'COMPOUNDS
NIORIUM-GALLIUM AND NIOBIUM-GERMANIUM SYSTEMS
GENERAL

Nb~Ga“ Niobium~gallium in the B-tungsten structure shcws a transition tempera-
ture near 1l4°K. None of the other Nb-Ga compositions give any indication of beaing super-
conductive. The data given in this section also show the effect of alloying NbaGa with

germanium and tin.

pr—

Nb-Ge Three compounds are fcrmed ir the niobium-germanium systems, Nb3Ge with a
! SQtungsten phase, tetragonal NbsGeaand hexagonal NbGe2. The exact nature of the eutectic
poinfs and dezemposition temperature of these niobium compounds has not been determined.
{_ Much of the work by Carpenter [Ref. 20020 and 20022] has helped, but explicit phase dia-

gram data is still lacking.

Carpenter [Ref. 20022] claims that the sclid solution range of NbsGe ex-
tends from NbGeo.15 ¢ 0,01 to NbGeo.22 + 0.02 i.e., from 13 “o 18 atomic percent germa-

[ nitm. The lattice constants in this range are given.

Of the three structures, the B-tungsten (NbsGe) shows the highest transi-
tion temper:ture in the 5+7°K range. This temperature is raised markedly by the addition
( of other elements, such as tin and aluminum. The tetragonal NbsGe3 compound shcws no

transition temperature above 1°K even with the addition of carbon or zirconium.

( (Ref. 12216)
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=3 method.
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NIOBIUM~GALLIUM-M
LATTICE CONSTANT AND TRANSITION TEMPERATURE

Lattice Constant and Transition Temperature

Ref.

14387

13155

13155
21843

21843

Lattice Transition
: Constant Temperature
Formula Symmetry 2 Tc width Notes
Nb,.Ga B-tungsten 5.171 t ,002 i4.5 - Nb powder melted w/Ga
- at 1200°C, fused in He
atm. arc furnace.
NbaGa " 13.2 4.6 3 hours at 180GSC
"
¥bgGa gGe ¢ 5.175 7.3 - Formed at 1800°C
NbSGaSb - - 9.2 - 10.6 Prepared by HCl
transparent
NbGGaP - - 9.3 - 11.2 Ffrepared by HCl
transparent
NbsGaxSnl x - - - - - ’
Gallium 16 hours, 1200°C 3 hours, 1500°C
component : *
% ao Tc ATC ao Tc ATC
A LI
1.00 +12.57 1.0
8 +13.1 2.6
.6 _ +14,0 5.230 4.6 0.6
R 5.287 13.5 3.3 5.262 16.0 0.7
.3 *R5_ 272
.2 5.282 17.8 0.9 5.282% 17.4 0.7
1 *K5 274 18.1 15.3°  1.v
® AT

c width of the transition region
1t not single phase
#% [Ref. 7888]

a after 1200°C firing the sample was refired for 7 hours at 1500°C

b after 1200°C firing the sample was refired for 3 hours at 1500°C
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f NIOBIUM-GALLIUN-M it
- m
LATTICE CONSTANT AND TRANSITION TEMPERATURE E 3.3 T ]
[ g saee} -
§o'3 s.22 - . ]
] ;L T e ]
! b S.18 : v -
3
1 Lattice constant and transition temperature as a o
é P = sl ® g°u
function of x, Nb_Ga Sn, . Samples sintered. el A ]
371X - 16t .
[T o -
{ a* e ]
( . g “[ owoosc © .
iRef. 13155} e & 2 ©Q1300°¢C -
. gL . WLITERATURE VALVE &
Z - ¢ 10 1 1 i 1 1 ,
§ NbgG 1. 0.8 0% G202 °m én ) E
Galljum component x, ]
NIOBIUM-CERMANIUM-M
L LATTICE CONSTANT AND TRANSITION TEMPERATURE .
Lattice Transition
Crystal- constant (A) Temperature
‘- Formula AL.% Ge lography s co Tc (_O_K) Notes -Ref_
Z' | MbGe, + C 42.5 Db, .6 5.3 <1.1 - 17475 ;
. Nb2.Szn2.SGe3 42.8 -~ 7.89 5.43 <1.1 -~ "
( |
Nba(;e SGa 5 ¥2.5 B-tungsten 5.175 -- 7.3 Prepared at 1800°C 13185
: o a w
E NbGe (AL 12.5 B-tungsten 5.175 - 12.6 Pressed & sintered
- - ‘ . 3 hours, 1500°C
E' Nb,Ge (Sn 12.5 B-tungsten 5.236 - 12.6 Arc-melted "
NbaGe 5Sn 5 12.5 B-tungsten -- -- 11.3 - 10784

131




I NFQRMATION

H LECTRONIG
CENTER

P ROPERTIES

1

COMMANGDG

ND TECHNOLGAY DIVIBION
CESYBTEMS

A

POBCE RATERIALS LABORATORY

PEEIPARED BY ELESTRONIC PROPERYIRS INFORMATION CENTERN » NUOGHI

B 6200z

g 91¢CT

o B T e T T s B S ete s
!
JoST 5 £€8nT
je sesodwooep Ca9aN - 500" ¥ T8L'Y €CO° ¥ 996°h TeuoBexey L9
m@cmaz Z0° 1> [4°) ] BhI"UT TeUCdRalal S'LE
30000T o3 dn paTeauu? pue
poyvuandb L1prded ised-oxy LT< - 611§ 62N
- 9°2T - = "
- 679 - - i
900T6T ©3 aTdeas s9PaN - - Zo6* 7 89T°S 0°52
%% a0an £°S - - 68T
82" g%t a0ty s - 3975 0°8T
sanoy g “06009T
poseay 57 qu’% sgfay g n - . WS SLoeT
€00" = mmﬂ.wwnz
QN sseoxo /r 99°QN - - T0G" x 9SLT°'S  ueus3uni-g €9°€T
$930 z o o Ta3euwuks 29 &°1V
30N (o) (h 5 - S . %
oanzeasdwa] {¥) 3ue3suod 9013181
uotlISuea] °

sanjedsdws] UOTITSURI] puUB FUEISUOY 20TI3E]

FINLVIIINIL NCOILISNVAEL

HNINVWY3O-RNILOIN

e

——

132

e

B




[

ey ey —

pom——

———
fl .

——
{ .

Pr—
tl B

1 B LECTRONIG

P ROPERTIES
ey , =e| ||| 1 NFORMATION
AR (=1 ‘T My C MAND c @NTE@

b,

PREFARED BY SLECTROKNIC FROPERTIES INFORMATION CENTER ¢ HUGHKS AIRCRAFYT CUMPANY, CULVER CITY, CALIFORMIA

NIOBIUM-GERMANIUM

TRANSITION TEMPERATURE

d
,

T |
g
Stoichiometric niobium germanium compounds were - NYo 110090 (o)
formed with a normal composition of 25-29% Ge. %. 00 PR T L L
(a) shows the transition when the samples were § :'é ' ] T
w L 4
- ZQUIL IBRIUM
arc-cast, (b) shows the same samples rapidly % - | ' Woazases 80
quenched and variously annealed up to 1000°C, € EO B ———————
o 0
(c) show the results of annealing this same g g ! Y T TG
b
sample to 1100°C for three days. &
o 'S S WA SN WU
4 6 8 0 12 4 ¥ ®w
(Ref. 21u469] Temperature, T (°K)
NIOBIUM-GAT.LIUM
CURRENT DENSI™Y
Foal )
5 't
~. [ 1 =
2; .
< Current density as a function of field
) strength for cast Nbaca at 4,2°K,
o] 'F
z: These JC values are highly depen-
104 .
g o dent upon sample preparation.
< ef
R
& [Ref. 10708)
=] 'y L ] | N, “NS—
o ° 0 T © m 10

Field strength, H_ (kGauss)
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‘X ~ Resistivity o - Seebeck coefficient
e - Figure of merit
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Lattice Electrical Thermal
° resistivity Seeback conductivity F4ure of merit
constants (A) (mfi-cm) coefficlent K (watts/cm °C)  (10-5 oc-l)
Formula 80 o 25°C - 196°C  (u V/C®) 25°C 25°C
NbGeQ* 4,943 6.778 0.067 0.031 + 12 0.31 0.70
» NbGel 5Si0 5 4,910 6.730 0,077 0.063 + 17 0.19 2,0
} NbGel 0 l 0 4.885 6.682 0.081 0.065 + 22 0.16 - 3.7
NbGeo b 4.834 6.635 0.060 0.0u47 + 20 0.20 3.3
NbSi2 0 4,803 6.604 0,098 0.063 + 19 0.42 0.9
* These materials have a C 40 type structure
- [Ref. 20159]
3
Q
3
~
~ (]
ol e 1~
an 2 1R
~ G.45 3 v T LR honl e RS
E = 4 )
& o400l PP AN BV o
& o3 k , 460 “ | .18
. szl
0.30 %0 gldl
> ———- J1a1 -
& 028 4 40 ol w |+
B 020 40 &S |%
oy N - Ny o
- _..lﬂ“ A & g
o2 o R 20 § 8 | ..
g os0} - 40 1o ]°
-4 lr-"l 3] a [y
U I Y | A U N Y 1 P | fo) z E a
0 200 400 600 8OO 1000 @ g X
: Temperature, T (°C) alela

Thermoelectric properties of Nk;»s:i.l 0Gel o 85 a function of temperature.

©- Thermal conductivity

The samples

{Kef. 20159]
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NIOBIUM ALLOYS AND COMFPOUNDS
NIOBIUM-CHROMIUM AND NIOBIUM-IRON SYSTEMS

GENERAL

Nb-Cr Niobium when alloyed with chromium shows little promise as superconduct-
ing material. As the chromium content increases tha transition temperature drops linearly

from the T, value for niobium and appears to reach zero at 20 at.$ chron.ium.

The niobium-chromium system shows only one compound, NbCr2 with a cubic
HgCu2 (C 15) type structure. This compound exists beyond the alloy region of supercon-

ductivity.

Nb-Fe Lattice constants are given for only intermetallic phase in the mniobium-
[+] [+]
iron sy..em. Wallbaum* gives a_ = 4.830 (A) and c, = 7.882 A for NbFe, (Man2 type

structur«:), These values are corroborated by Elliot*; a = 4.834 and co = 7.880.

Other phases are reported to exist in this binary system but they are

stable only at high temperatures and lattice constants are not available.

* Wallbauw, d.J., Z. KRIST., v. 103, 1941. p. 391-402,

+ Elliot, R.F , Armour Research Foundation, Chicago. TRl OSR Technical note OSR-TN-247,
August 1964, " p. 1S.
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Liges

Tempefature, T (°0)

n+p

-]

1 |
40 ) &
Atomic perceut iron

[kef. 19926)

Lattice Constants

o]
Lattice constant (A)

% Ref.
7.001 i9H69
6.985 Hansen
6.981 19469
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NIOBIUM ALLOYS AND COMPOUNDS
NIOBIUM-ARSENIC AND NIOEIUM-SELENIUM SYSTEM
GENERAL

Nb-As Although niecbium and arsenic form "mono" and "di" arsenides, neither shows
superconductivity. The only data given here are for the lattice constants and magnetic

susceptibility.

Nb-Se The niobium selenium system in the niobium riclh region shows no evidence of
being supercorducting above 4.2°K [Ref. 13150). In the NbSel.§0 - NbSe:!.25 regiun there
is an indication that a transition temperature exists near 4,2°K. Single crystals of the
system in this range, prepaved by a vapor transport method, show a nominal NbSe2 composi-

f tion and have a Tc of 4,20°K.

This system forms intc layer type crystals with various polytypes.

lattice constants and transition temperature are given for some compounds.

NIOBIUM~-ARSENIC
GENERAL

Q
Lattice constants (A)
a b c

Compound  At.% As Symmetry < S o

w
i
et

NbAs tetragonal 2.45 ¢ ,001 -- 11.e5 * 0.02 ~- ®
NbA52 67 monoclinic 9,365 * 0,02 3.38 ¢ 0,01 7.809 * 0.02 119°26' --

R2f. Saint, G.S., et al. CAN, J. CHEM.. v. 42, p. 630, 1964. * gingle crystal

NIOBIUM-SELENIUM
GENERAL

[/]
Lattice constant (A)

i a <

Formula [e] )

a-NbSe2
B—NbSe2

{Ref. 217%6]
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NIOBIUM-SELENIUM
106.0 T T
TRANSITION TEMPERATURE .
1106.5 | -
‘07.0 - -t
)
-~
Transition curve for NbSe2 from resonance : 9r.% -
| .
| coil measurements. Nb and Se pcwders e ‘
! ¢ 1080 |- -
were sealed in evacuated ampules and §'
) sintered for 72 hours at 600-800°C, G 1085 | . ;
W09.0 ~ . L
[Ref. 13150] ]
-3
[ 109.3 ! L ]
4,0 8.0 6.0 7.0 ’

| , Temperature, T (°K)

-

¢ NIOBIUM-SELENIUM
' CURRENT DEWSITY

8]
) 100
. Critical current density for two NbSe2 crystals.
o
n.-U){ !
5 ~ 10 & width 1o thickness ratio = 9 ' !
oo i ]‘
" ‘S o = W/t = 15 3 |
[ & E (a) K1l e-axis
8 o (b) HI| c-axi |
3 X P b c-axris ‘;
o LY - s t
| = 9 E T = 4.2°K o
U - .
l 0 [ J Il a-axis ]
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[ § on—l i1 |
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NIOBIUM-SELENIUM

CURRENT DENSITY

Critical current demsity for a NbSe, crystal Z

-

with differen® leads. 'E

9

o

&

4 Cu leads; indium soldered v

B o Ni leads; spot welded §
(a) HLl c-axis .-; !
(b) HIil c-axis 4 R

T = 4.2°K
w/it = ¢

Cri

0t 2.
Field H, (kGauss)

J | a-axis
[Ref. 18755]

!
3 4 5 6 7 [3
{

o 100 .
L] ' j .
& Critical current density for two NbSe, Crystals. -
P =
& .10 . !
hel NE ® = w/t = 9 [ J
g R o = w/t =15 :
2 g ¥y
o< T = 4,29 { *
GREN ! ) -
~ 'S J I a-axis ‘
-~ a) H = 1.4 kGauss ;
+ w4
by oY i IV WU B Y b) H = 7.25 kGauss
© . 9 20 40 €0 &0

o ormamame e ¢

100 120 140
Field orientation, & (degrees)

[Ref. 18755]
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NIOBIUM-ARSENIC

MAGNETIC SUSCEPTIBILITY

emu/g)
o
8

L)
@
o
T
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[o]

Magnetic susceptibility for niobium antimonides and arsenides as a function of tem-

perature. The antimonides were prepared by heating niobium and antimony at 1000°C for 2
days, 800°C for 14 days and quenching in water. The arsenides were prepared by heating
‘ niobium and arsenic at 1000°C for 2 days, 720°C for 14 days and quenching in water.

| : [Ref. 21797]
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MAGNETIC SUSCEPTIBILITY
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Magnetic susceptibility for various niobium selenides and tellurides. The ;e values have
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NIOBIUM-SELENIUM

SE{!ICONDUCTING PROPERTI1ES

Electrical ﬁobility Seesbeck coefficient
Resistivity u s (uv/°C)
p (mf-cm) (cm2/V sec)
HbSs
5 -— 2.7
Nb8e2
0.18 - -
0.35 - -
- - ~12.0
. 5 - - 1.4
N -- - 6.9
.58 : - 0.2
2.04 <10h% -5
-- gt -

*% Thermal conductivity, K = 0.02) w/°C-cm. Figure

* n=23x 102l/cm3

3
* n=2x lOQl/cm
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Hall coefficlent

e el

R x 10~% (cm’ /coul) Notes Ref .
- 100°C 13958
- -196°C 217964
- ! 25°C "
- Polycrystalline "

25° - 130°C
- 100°C 13958
- 150° max "
- 600°C "
<20 Stoich, 15399
300°K
- 300°K 13958

of merit, Z = 1,96 x 107> cm !
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SEMICONDUCTING PROPERTIES

Seebeck coefficient, S
(uV/°K)

o
g

64 €5

Weight § Selenium

Seebeck coefficient for the niobium selepium system witi 61-A5 wt.$% Se.

300°K, sample sintered 16 hours at 900°C.

ratio,

>
t:
o 4
ot
"~
b T
[/ 3]
[T
F«Gz
~ =
oot
O ©
e B |
| PR N
©

a
° Q
@ - 61

Electrical resistivity for the niobium selenium system with 61 65 wt.% Se.

300°K, sample sintered 16 hours at 900°C.

62

63 64 65
Weight % Selenium
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Data takern at

The dashed iine represents stcichiometric

(Ref. 15399)

Data taken at

The dashed line represents steichiometric ratio.

{Ref. 15394]
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{ NIOBIUM ALLOYS AND CUMPOUNDS

»
[ NIOBIUM-~MOLYBDENUM, NIOBIUM-TECHNETIUM, AHD NIOBIUM-RUTHENIUM SYSTEMS

CENERAL
| Nb-Mo In a 1961 article by Hulm and Blaugher [Ref, 12583] the transition

tempsrature of the niobium~molybdenum system was extrapolated to zero near 40 at.% Mo.

Since tﬁen. work by Hein ot al [Ref. 1u469) in 1964 has shown that Tcxwachesa minimum
’ ‘ of 0.016°K at 70 at.% Mo and then rises to 1°K for pure molybdenum. The niobium-

molybdenum system shows only the bee crystal phase.,

L Nb-Tc The only transition temperature available for the niobium technetium
} system is given for Ncha. Tc = 10,5°K, the lattice constant, a = 9.625%0.002 [Ref.

12711]. The other data given are for magnetic susceptibility.

P

Nb-Ru The niobium-ruthenium system is body centered cubic up to 40 at.$

} ruthenium, takes on a body centered tetragonul to about 55% and remains hexagonal close
packed to non-alloved ruthenium. The transition temperat e does not follow this change

; in phase. At 7.5% Ru, Tc = 4.20°K, falls to <1°K at 20%, and reappears again at 40%,

thus lgnoring the cubic structure,

- ——

148




’ e st et e = e e N —. e e o e e o = - i s 8 B
. .

H [ LI N % 1
§ E LECTRONIS L
f AIR FORCE MA ORATORY - P BS0RPRBRRTIEES :
TERIALS LAPORATOR T} = 7 NS
' ! :f'ﬂl:loc’:lcl.lﬂ:; H‘Nm og:}g;:::a'?s Ll l NF@@&/‘G&XTB@N !‘
[ ' C ERNTERS,
s - i
. '\ ) L
- PREPARLD BY BLESTRONIC PROPERTIES INFONMATION CENTER = HUGHER AIFCNAFY COMPANY, CULVER CITY, CALIFONNIA
|
N1OBIUM-RUTHENIUM b
GENLRAL !
i
3.400 o A 1 ! 1 Lattice constante Yor a-nloblum-ruthenlum
' a alloys. The system is a bndy contered ) U
4 cublc to 40 at.% ruthenlum and body oy !
r centered tetragonal to about 559 at.%
3.300 ruthenium, [Ref. 21255]
e i
St
o
& [1
g 3200 . i
K
£, NbgRu, CuzhAu type, ao = 4. 207 X I
' o HC1 transport method. [Ref. L
T 3100 21843] ‘
-
. l
3.000 :
i ] i 1 ! -
Nb 10 20 39 40 L 60
Atomic percent ruthenium !
Weight percent ruthenium -
l 0 20 3% 40 80 €0 TO 80 %O )
! ' 2500 [SEhmts Stesy MEb SR R Y Y T—= 4300 5
2o BN Rt Jao0
4 o 2300 [" ﬁ MELTINA NOT OBIZRVED 4100 3
3 C i ium- . asIR
i Phase d%agr‘am for the niobium S 2200 z WE.TING ORSEAVED . 1 ssc0 ’
ruthenium system. 2100 b BOUNDARY BY MICROPAOSE L,
[l rd -1 3700
2000
' LRef. 212551 ¢ yooo | %00 |
| .
g e p 1= L
w5t | 3100
1600 ~1 =900 \
! 5 1800 B 8 - 2700 3
. & ;
: 1400 (- - 2500
: %00 | -
! - a%0 i
§ . o o ! {
! "zx ° 5 H =00 ],
T ‘ - + -
! 1000 T W W L2 WU R T NI NV BV S 1900
i VN 10 20 30 40 0 €0 TO 30 90 R L:
é Atomic percent ruthenium :
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NIOBIUM-~-MOLYRLENUM

I i GLNLRAL
o<
f Lattice constants for nisblium-molybdenum ~o
( systam as a furction of molybdenum content. w -
{ (Ref. 19163] =l
8 +
® Thls Kef. ‘,;z'
i o Buckle® § R
{ 4. .
x Eramenko' ¥ R .
T os.20e} A 1
s * Buckle, H. MLTALLFORSCHUNG, V. 1, no. 53, 19u6. § ¥ \ i
3 i
b Lo !
, Eremenko, V. B. UKRAIN. KHEM, ZHUR., V. 20, viee | ;
i no. 227, 1954, _ 3
‘ : . 306}
{ i : 3446 %560 10 100
[, Nt Mo : ‘

Atomic percent Molybdenum
NIOBIUM-MOLYBDENUM

TRANSITION TEMFLRATURL

Lan)
x The values plotted here represent the midpoiuts
. So 0TV T T of the transition region for these alloys. Mo
® o9k q and Nb, 3Mog,7 samplec were elactron-beam refined,
. o A SLOPE all other samples are from elazctron-beam refined :
, 5 °°%r 0219 K/AT. Mo and Nb, individually meited. :
ot b .
{ & PERCEMT [kef. 144693
L. 9 0.6 |- b
S .
¢ Vs
+ C.4
I
9 03
ot .
o 02}
[
P o
= N VN

0;!: 20 <G 60 &0

Atomic pecrcent Molybdenum
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NTOBIUM-MOLYBDENUM o l

TRANSITION TEMPERATURE

C ENTER -

el

Transition Temperature L
At.% Mo - Value (°K). Sample Ref. ,
‘ Tc
— — )
0 9.17 - 15259 Ly
i0 5.3 - 7686 ]
25 3.4 - .
38 .76 - .
40 .90 - E
40 . BL Arc melted 152589
42 .31 - 7686 !
43 .181 - 20520 -
44 .158 - [ >
45 148 -
48 .108 - ,
60 <.05 Arc melted 15259 }\
60 <.03 Formed from electron-beam 14u4h9
zone-refined. elements. i \
70 .016 Electron zone-refined after o
forming. i
80 &, 0h Formed from electroun zone- bl
refined elements. [ i
b i
90 n, 28 - L i
1C¢C . 945 Electron zone-refined after s
forming. f ' ;
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NIOBIUM-MOLYBDENUM

TRANSITION TEMPERATURE

9 | g— "% | ga—
! 0 Transition temperature of (Nb-Mo) and
[
} § (Nb-Mo) | o Fe, .as a function of molybdenum
)
o .
& content. (Ref. 11937]
| Es
9 ¥
+ o
g - - - no iron
: o
| o
| a 10% iron
=
<
=
i &
! R W RO S |
) 0 L) 19 15 20 285 30 38
i { Atomic percent molybdenum
{
[- NIOBIUM-RUTHENIUM
Nb 40% Ry
¥ ‘ 1] WO Ty '—]‘—T' N ¥ L] T ¥ T
L l Transition temperature for the nicbium- .9 20 4
l' ruthenium system to 40 at.% ruthenium.
Samples were electron-beam melted at high S N

i temperature in less than 10-8yp Hg

Transition temperature, 1T
(2K}
&
T
~

) vacuun. ~
| - [Ref. 15512]
L
5F «
|
| o
¢ ‘ i
o) i ) [ 1
E 3.0 8.5 6.0
| Electrons/atom
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NIOBIUM-RUTHENIUM

TRANSITION TEMPERATUR™

Lattice Constant and Transition Temperature

Transition
At.% Ru Symmetry Lattice Constapt Temperaturs Notes
ap &)  co (A) Te (°K)

0 bee 3.301 - - -

7.5 - - u,20 -
10 - - 2.8 -
20 3.230 - - .
" - - <l -
30 3.200 - - -

" _ _ <1 -
4o bet - - 1.2 + 2.2 -

" 3.1u47 3.218 - -
55 2,978 3.378 - -
60 - 2.5 €.8 electrons/atom
71 f hicp 2.762 4,432 - -
75 Y hep 2.750  4.u418 - -
80 & hep 2.747 4,389 - -
100 " 2,706 4.282 - =
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CRITICAL CURRENT

NIOBIUM-MOLYBDENUM

3
10 LB B

Critical current, I. (Amp}
61

4 L1 J L1

LI D O L R DL L R L DL

(YO T I N O O O O O O B

f SPECITIC HEAT

L € 10 12 4 B I8

o 2 LS
i .Applied field, H (¥Qe)

NIOBIUM- MOLYBDENUM

Heat capacity for niobium and S’L
Q
niobium-molybdenum alloy. T. marks E;T
ol @
the change in slope of these curves. :‘;;'EE)'
©
[Ref. 7686] °on
so
w4
D O
=2
154

Critical current for a niobium-
molybdenum alloy (1% molybdenum)

arc-melted as a function of 3 trans-

- verse applied field.

{Ref. 10778]

Temperature T, (°K)

[ 3 N.-o
. o H = MLotuss o~
1)
Nb
e § M‘/
. F,—c?"“
10.8
390 00
2 2
Temperature, T" (°K%)
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NIOBIUM-MOLYBDENUM
SPCCIFIC HEAT { ‘

Temperature T.(“K)
2.0 3.0 40 l f

— T — e

2i o el e e e e T o 9 I

Heat capacity for a niobium-molybdenum Q‘E‘;Z-b [ N .4oM9 e0 goo‘j |
alloy (Nb Mo ) arc-melted and ISR N - 5
0.40'°0.60 ne Ay . =

annealed 20 hours at 2000°C in 10 “mm @.3 T L i

HEIeF i~

Hg vacuum. % = is i ]
a N
{Ref. 15259] T :; - N g

b Set -

g‘v,_,,l YR W0 TS T U WO W N T Y U O O O

01 234567 8910N12131413161T18
Temperature, 2 (ok?)

’”
.

Debye Temperature and Specific Heat

L
Debye Temperature Coifficient of Electronic Specific Heat .
8 (°K) y (10-% J/mole oK?) l
Meazuring Temperature (°K) Measuring Temperature (°K)
At% Mo <9,5 »9.5 1.0-4,2 <g.5 »9.5 1.0-4.2 Ref. R
10 260 290 - 5.38  9.24 - 7686 !
25 290 320 - 4,54  6.72 - )
38 320 330 - 3.28  3.70 - !
40 - 340 - - 3.02 - \
" . - 371.1 - - 2.87 : 152594
u2 - 240 - - 2.69 - 7686 )
50 - 380 - - 2.02 - " ! ‘
60 - - 29y - - 1.62 15259 : |
80 - 1405.0 - - 1.68 - 7686 : f
" - - - - - 1.0-2.3 15259
®* Samples arc-melted and annealed, 10‘5mm Hg vacuum, 20 hr at 2000 °C.
135 P
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SFLCIFIC HEAT
Nb 40% Ry

T YT T YT v ¥

pecific
~
)
T
1

ic s

t of electron
P

heat, (10~% cal/mole °X?)

(2]

icien

1 1
8.5 . 6.0
Electrons/atom

Lo=ffi

5’0
ol

The expression NKO)V is calculated from

Y and T, in the f~llow1ng expression:

ch 1.4 <hm>e~1/'i(0)‘l

(hw) is assumed to be 3/4% k8, 6 s the
Debye temperature. If T, is extrapclated
linearly to zero, then the dotted 11ne
would hold. T, is calculated. .

(Ref. 15512]

HUQGHEY AIRCRAFY COMPANY, CULVER CI1TY, CALIFORMIA

Coafficient of electronic specific heat
for the niobium-ruthenium system. Sagples
ware electron-beam melted in high vacuum
and annealed &t high temperature below

1078 m Hg.

{Ref. 15512]

Nb 40% Ry

LR R L]

1 i
8.0 8.5 [ 39
Electrons/aton
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e

NIOBIUM-RUTHENTIUM

SPECIFIC HEAT

Measured and calculated values used in the graphs on page 156.

N(C)y
At.% Ru W Y 0 8(°K) T A 4
(107" cal/mole °K*) (W4OK) (°K)  (cal/mole °k2) Ref.
7.5 (11.7) (290) 4,20 210 15512
10.0 9.7 2 0.3 304 ¢ 10 2.t 228 * 7
20.0 4,54 t 0,1 330 * 10 <1 -
30.0 3.98 ¢ 0,04 372 * 10 <1 -
36.0 H.45 ¢ 0.1 405 * 15 - -
40,0 (4.5) (410) 1.2t2,2 u.s

KIOBIUM-MOLYBDENUM

ELECTRICAL RESISTIVITY

>

+

et

>

.,J

I -

a < 1 T 1 Y

n o~ !
L35 g

v;g C,‘: 20.;.’: “q-.}.\

33 +~+___+..‘+

."‘_, @ 0 1 | { ] \‘#
(0) Nb 20 40 60 80 M3
—~
W

Molybdenum weight percent

Electrical resistivity in the ricbium-molybdenum system

]
stancard sample preparation.

[Ref. 21788]
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| NIOBIUM-MOLYBDENUN ’

ELECTRICAL RESISTIVITY

- . 3.2
a8
SH 2.8 o
pel-!
S 2.4
o @
0 >
z "'j 2.0
3
e~ —~
| o 1.6
i -3~§
! £ 12 i
P a
b4 ] 1 i E
’ z o'o n A A il
\ w 10 % %0 M w0 1
. ' 3

Molybdenum content %

Electrical resistivity for the niobium-molybdenum system at 20°C. [Ref. 21567]

,._._.

T 1 1T 7

N s

o~

'(‘7!','!
[, % . ]

Nb 20 40 60 80 Mo

4]

Change in resistively
bp (u@-cm)

ﬁ ‘ Atomic percent molybdenum

4y is the change in resistivity in Nb-Mo system with iron ana ruthenjum added. i

= p'azs0! 300 - D77/°30ﬂ
4P = p300[
L - PT7PTs00 ‘

(where p' and p are the resistivities with and without additisnal components respectively.
1.0% iron

- = 1.0% ruthenium

{Ref. 161u4C]
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NIOBIUM-MOLYBDENUM

ELECTRICAL RESISTIVITY 'I
éﬁ ™
Q; i
Resistivity as a function 3
of temperature for nioblum- |
molybdenum system with 1 o we
at.% iron added. The b
samples were arc-melted T amb
in an argon atmosphere, ™ e
and remelted several times X
to insure homogeneity. E pon
(7]
[Ref. 161403 '3 °®f
9
~ o
an i 1
L e 12

/o
S

‘/‘,cr L 2L

AT
/I NB

L)

w‘ e

(l Y L 1 .

NIOBIUM-MOLYBDENUM

MaGNETIC SUSCEPTIBILITY

Room temperature susceptlbility for
Nb-Mc with 1% irop added, as a function
of the molyhdenum content.

(Ref. 11937]

Magnetic susceptibility

159

Ao i Y A
llouiu'ﬁhn««ﬁluu

Temperature, T (°K)

3 ] T 1 T =
[
g ]
2
~
2 F N -
\
- A
o N ]
b N
2 .
> l—‘ \‘.-“'---'lb
i i 1 1 j
< 48} 40 60 80 100

Atomic percent molybdenum
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NIOBIUM-MOLYBDENUM

MAGNETIC SUSCEPTIBILITY

Susceptibility for Nb, Mo, and three
Nb-Mo alloys.

Orbital susceptibility

Xo
a) Nb 0.980
b) Nb.75H0.25 0.980
c) Nb.SOMO.SO l.221
d) Nb.25H0.75 0.521
e) ¥o 0,544

[(Ref. 19617]

-4
b (107" emu/mole)

NIOBIUM-MOLYBDENUM AND NIOBTUM-TECHNETIUNM

MAGNETIC SUSCEPTIBILITY

Susceptibility of niobium-technetium
and niobium-molybdenum systems. NbTc
samples were arc-melted in argon,

homogenized 1 week at 1050°C and heat
treated 1 week at 700°C,
are given for comparison.

(Ref. 19617]

Nb-Re data

3
{

dod
20
8 [
16 |
D~
5y = -
48 wf
‘§.§ 18 |
16 . . .
"’-TSI 500 1000 1500
‘gv
= 16l ¢ P AT
Ea 1.5 — A X
X 0 5
_._’-."'—*’
05 A v
Qg e P L J L ] [ ]
OB. A ) e
0 500 1000 1500

Temperature, T (7K)

Atomic percent molyhdenum

0 100.0
Atomic percent technetium
0 50.0 100.0
Y T
»
.;':_,"‘AZOO»‘7 . n Nb-To -
::8 O Nd-~Mo
ﬁ;ﬂ; ® Nb-Re
b « 150 F
H AN
L] s \&
Qw
2% 0o | i
O X
g o
E!ox s a-Mn M,
x wf’""i"mr“i 1 e e ¥ B

50 52 54 B5S 88 €0 €7 64 85 €0 70
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NIOBJUM-TECHNET1UM

MAGNLTIC SUSCEPTIBILITY

Temperature dependence of the susceptibility of three Nb-Tc alloys.
homogenized 1 week 4t 1050°C and heat triated 1 week at 700°C,

arc-melted in argon,

ty

PR
2
<

2ptibil
emu/g.atem)
[N
(=]
(5]

100}

ic susc

y (10-€

Magnet
o
o

100 200

Temperature, T (°K)

1) N Te
2) Wb ,oTC 59
3) Nb g4Te ¢

The samples were

{Ref. 19617]

Lattice Constant and Magnetic Susceptibility

X c
A% T, Symmetry (10-5 emu/g.at) Lattice constant (A)
[

(25°C) a <,
0 bee 204 .4 3,304 -
s 1¢%.¢ - -
10 191.7 3.276 -
20 150.6 3.2644 -
30 108.9 3.217 -
uo v 73.4 3.192 -
50 63,3 3.170 -
60 bcecta Mn 91.7 J3.159 -
75 a Mn 136.5 - -
85 " 1lu.8 9.547 -
97 hcp 138.3 - -

100 " 120.8 2.743 4,400

[Ref. 19617])
16l
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N1OBIUM-RUTHENIUM
MAGNETIC SUSCLPTIBILITY

Magnetic Susceptibility

Vaiue AL Ry Notes Ref.
Xpot# 176 x 10-6 emu/g.at. 10 5.3 electrous/aton, 14464
-6 A 2 type/structure.
qud 140 x 10 emu/g.at. " " " "
-6 .
X 50 x 107 cm3/g 60 6.8 electrons/atom, 9686
sample cooled from
-6 3 1300°C.
xat 5900 X 10 "am /mole " " " "
= .t
Xtot  “Xjon ' xpaull Xu.p. T Xadd
( Xiot is taken as the sum of the various susceptibility cortrvibutions. The authors i

state that Xadd is probably due to the orbital paramagnetism.

il e

{ NIOB1YM-MOLYBDENUM £
r P H ;
l ir %L:,Q:‘\\! aad l
” %0q, a ~ )
~ ¢r o Q’r ¢ | {
I The Al branch of the measuied phonon @ 60// \\ o S // . E
i dispersion curves of Mo, Nb and NQ S| j/ 1\\ ° - |
two Nb-Mo alloys. The neutron '?3 4 // : \ // 4 ?
scattering measurements were made :; : -
at 30COK. g 3 | -- Nb 7 !
2 |
[Ref. 21842) & 2 ! o b Mo 4 . 1
¥ '
™ i A Nb.25H0.75 i
! I — Mo ] i
| . .
[ S U G | ) S U S :

0 01 02 03 04 ¢3% 06 27 08 GI3 O ,_
Reduccd wave vector cooridnate { ‘
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NIOBIUM RHODIUM &
NIOBIUM PALLADIUM SYSTEMS




i.f E LECTEONIC
P EOPEETIES
e S , wiE] ||| ) NEFORMATION
| C ENTER

PREF \RED BY ELICTYRTMIC PROFPEATIES INFORMATION CONTER ¢ HUGHER AIRCRAFY COMPANY, CULVER CITY. LALIFORNK!A

NIOBIUM-RHCODIUM AND NIOBIUM-PALLADIUM

GENERAL

Nb-Rh The niobium-rhicdiur system is very cimplicated, showing nine different
phases. The tetragonal (40% [h) has the highest transit’on temperature w:.0°k; <hlle
B-tungsten, NbsRh, has a Tc of oniy ~2.5°K. Zegler [Ref. 18750] has alloyed 33351
with other elements; tv™-e lattice constants and transition tempe.atures ! .r thess

ternary al.oys are given.

Nb--P& ve niobium-pallacium system has a transition temprrature ~f asoxt
2°K at a composition of U0 at.% pallad.um. The only other nicbium-paliacive Zsta
avajlable were in the palladium-rich region. The following valiues are "~Zes from

this Zwingman paper [Ref. 21799].

Property Syurbol Vaiue
Change in reuistivity bp/ak 2.3 (i -om/ar &,
Change in thermolectric be/a wo.b  {vv/°C-ar.b,
effect
Cha'.ige in temperature bda/a ~3.35 (10-3/°C-at.i)
coefficient of resis-
tivity

¥ a is atomic percent niobium

The coefficient of elecironic specific heat and Debye temperature are

given for 40 at.% palladium: y=7.13%0,08 x 107" ca1/0k? mple; and ©=333t5°K [Ref. 15323).

163,

Vo E L T s W e N ]

§
i




y ; L ; - ) DR e -
< [enBTZ *39¥] poyjau jacdsueas ToH ‘suorjexedead asrdwes 'y L0z h="& *adf1 nyfno ‘uaban »
m - - - - Z00°075€8°€  WdP " 1°68
-
m 3 - - - - Zz00'0s458" € wIaND oTa  §'uL
O :
S Wi > - - S0U" 0350 ET - c00°0sE3h'S 9o  TeuoBexsy z°69
] v ‘
N o A : S TE o05= - 0T*0% §2'0Z €00°0rZLL'h 200°03908°T GO ODTurioououw €29
© = M 3
5 en aTR’
@@n o - - 500°0,0TS*h §C0-0s80B°n 20070:€T8°C no ., ., 8°8S
nu il @ (U} z STqUOYa
0 o 0 = & - - 0TO"0+L8S°FT S00°NsOLL h TO0°03LZB'Z  €P -OYIO  6°S§
s _
. o .
) @ W 2 o fesete - - 700" 05608°€ - . hoo'osbTO'H g0 TeuwoBedied  €°\§
JMSM|| 3 M
£ LTA - T°h - - - " " n°on
Bo=-0 < woze K
I Bsoge  /suoa10aT@ 9°e  ZT03hOTH L0°S - 98°6  u " 0° 0t

i - _

' xz

| S feszrie - - £00°0590T°§ - | nOC°05698°6  © Teuodeaialr  L°6Z

. H .

_ m e Bozos - 5°Z - -, STT*s wW“qNe  oTame  0°'S¢e
\ : ..N.. Siel - - - - w er Cqup  OTAMP .
b Ln/l - %9°¢ ﬂ, LTETS W AN ¥0°S2

z o1
J S - - - -_ £00°0502T*5 ugSQ® T geng
< .
2
H - - - - 200°0+SnZ € e ST gepr
[
k4 -
- jESCT - - - - 200" 05592 "€ Qe ot T
= Z0 m
2z
MWM m uh e on o,
a3z ¢ B-zoy FIION alny ¥ LW EU0) ....1:3 aseqd Aazsuwis Uy IV
NN ” ~Bseluel i
Ye z uog _
2z g peuny
3 o
\nﬂ m e aBieiduee | Wi jEURL] PUR EISUOD BDTIIET
=M >
W . TAOLYYIAAIL NOILISNVEL
T
L N WNIQOH~HNIECIN
gE £ . ‘

164




[ E LECTRONIS
P EORPERTIES
| ALk FORCE MATERIALS LABORATORY { BEIC | NEORMATION

AIR PORCE BYSTEMS COMMAND c ENTEE}

PRIFPARED BY ELECTRONIC PROFERYIES INFORMATION CUENTER ¢« HUGNES AIRCRAFT COMPANY, CULVER CITY, CALIFORNIA

R ———— S ——— - RS AN
NIOBIUM-PALLADIUM

TRANSITION TEMPERATURE

Transition Temperature
Transition Temperature

At.% Pd TC(°K) T# Symmetry Notes Ref.
—
i 40 1.7 - a-Mn - 15323
' " 2.04 0.1 " Cooled from 1000°C 3586
7.00 electrons/atom.
" 2.47 0.4 " Cooled from melting "
point, 7.00 electrons/
atom.

* AT is w.+h width of the transition region.

o
t NbBPd, 25% Pd, CusAu type, Ao = 4,207 A, sample prepared by HC1l trarnsportv method.
: [Ref. 21843]

NIOBIUM-RHODIUM-M

TRANSITION TEMPERATURE

Lattice Constants and Transition Temperature: NbzRhj_.My

Latticg constant

Transition Temperature
X a_ A

=

— _ ° T
)
B Co .02 5.132 2.28
o - .05 5.135 1.96
; , .10 5.1347 1.90t :
P Ru .02 5.132 2.4z o
- .05 5.135 2.u2 B
8L .10 5.13u48 2.4t A
pd .02 5.133 2.50
.05 5.134 ; 2.49
.10 5.1345, 2.55%

t three phase alloys

: [Ref. 18750)
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NIORIUM-RHODIUM-M -
TRANSITION TEMPERATURE
Lattice Constants and Transition Temperatures l
(Continued)
Lattice constant Transition Temperature l
M ® a & T
_ - [o! c
0Os .02 5.134 . 2,42 l
- .05 5.132 2.39
.10 5.1302 2.30
.30 5.1315 <1l.7
.50 5.1334 <1l.7 -
.70 5.13u5 < 1.7
.90 5.1354 < 1.7 i
Ir .02 5.131 2.43
.05 5.132 2.38 '
.10 5.1329 < 1.7 :
.30 5.1540 < 1.7 '
.50 5.13u9 < 1.7 .
.70 5.1349 < 1.7 ‘
.90 5.13u45 < 1.7 L
Pt .02 5.132 2.52 I .
.05 5.133 2.53 P
<10 5.133% 2.8
.30 5.1365 S.1 .
.50 5.1450 6.25 !
.70 5.1487 7.4 :
.90 5.1534 7.9
.95 5.160 8.2 |
.98 5.157 9.6 . '
Au .02 5.133 2.53 | il
.05 5.137 2.52 ? 1
.10 5.1412 2.70 v i
.30 5.1573 4.6 |
.50 5.1688 : 6.6 { |
.70 5.1827 9.5 ‘ ;
.90 5.1960 10.8
.95 5.200 11.0
.98 5.203 10.9

[Ref. 18750) .
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NIOBIUM-RHODIUM AND NIOBJIUM-PALLADIUM
MAGNETIC SUSCEPTIBILITY
Magnetic Susceptibility
6 bt -6 xt -6 X.y(1n-b X - Y% .
System Xtotk(10~ *add (10 (10 atllo (107°)  symmetry :
emu/g.at) emu/g.at) cmalg) en3/g) Y
N> 66RP ug 79 49 82 7900 810 o, D8 )
i x S g -
; ”b.GOPd.L&O 50 29 ¢ » 50C0 520 a-Mn
* Xtot™ion ¥ Xpauli * XL.p. * Xaqd [Ref. 1uu464]
XL.p. (Landau-Peierls) electronic specific hear contribution
. . . . . H
- t Nb.GORh.HO colled from 1000°C and Nb e Fd o cocied from the melting point [Ref. 9686) ! :
k% Volume susceptibility, 300°K .
| j:g_"
s
_.:?:

| :
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NIOBIUM ALLOYS AND COMPOUNDS

NIOBIUM-1INDIUM SYSTLM

GENERAL

I' 70 kbars, and at an optimum temperature of 1'00°C. The lattice constant for this

material is given by Banus et al [Ref. 12280) as 5.303 t 0.003 X and the transition

I temperature is given as 9.2°K.

48
40
38
LI

ws b I
|

20 +

Pressure (kbars)

18 }

{ 10 I, A ol : 1 A ) |
i 800 9™ K00 1100 1200 13004001800

Temperature, T (°C)

B LECTRONIC
P ROPERTIES

@wIC 1 NFEEBMATISN
C ENVTER

| ”

wiobium and indium (Nb3ln) show the B-tun_sten structure under high pressure, 40-

_ ]

Pressure-temperature phase diagram
for Nbzln.

0O B-tungsten
c bee

[Ref. 17303]
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WIOBIUM-INDIUM

TRANSITION TEMPERATURE

<o

>

5o

~

ot

§e

o O&} .
E

&

[} Q4 - -1
=

o

-

[

:} o2 k- -
~

[\] -7 W1
8 9 ©
Temperature, T (°K)

Transition curve for B-turngsten Nb In formed urder high pressure conditions.
(Ref. 12z80]

NIOBLUM-INDIUM-TIN

TRANSITION TEMPERATURE

Valence electrons per atom
4750 4.72% 4.100 4675

g g,\l T
. -4 by
kgg L \}\\
& &e
[.‘: 5 178 L [ 1 A
& o o 0z 03

Indiun conteat, X .

Transition temperature as a function of indium content, NbaIn,Sny .
e Sintered once
¢ Sintered twice

(Ref. i0749]
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TRANSITION TEMPLRATURE

Transition curves for R-tungsten NbalnxSn

sintered 6 hours at 1200°C:

* sinctered once

(o} sintered twice

NIOBIUM~INGIUM-M

TRANSITION TEMIERATURE

Compound
™ 0w
IR AN
C

e —e

1-x%

Transition Temperature

Relative permeability

NbSIno.Ser.S 6.4
NbBInSb N,2-6.2
7.2-7.4

NbSInAs

o

e
s

PREPARED BY ELECTNONIC PROPERTINE INPOHMATION CENTER » HUOGHED AIRCRAFT COMPANY, CULVIR CIVY, CALIFORNIA

‘ N1OBIUM-INDIUM-TIN

I

0
17.8 18C 182

T¢ aperature (°K}

[Ref. 10749]

Notes Ref.

- 10784

21843

samples prepared by
HCl transport method
n n
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NIOBIUM ALLCOYS AND COMPOUNDS

NIOBIUM-ANTIMONY AND NIOBTUM-TELLURIUM SYSTEMS

GENLRAL

Nb-Sb Niobium antimcnide (NbSSb) has a predominant B-tungsten crystalline

phase, with small amount of other phases present and showsno Tc>l.02°K [(Ref. 14387].
, These other phases finally disappear and TC rises when the antimony is replaced with

\ an alloying agent such as tin. NhBbesnl-x shows a single phase B~tungsten structure.

( Nb-Te The niobium tellurium system does not show a transition temperature.

( The data are given for this system as an & type semiconductor,

NIOBIUM-ANTIMONY

GENLERAL

[]
Formula At.% SH Crystel- Lattice Constants (A) 2 Ref.

. lography a, b, <,
! —_—

Nb3Sb 25 B-tungsten 5.263 - - ~ 19559

{ NbSb2 c7 manoclinic  10.239 J3.6319 8.333 1205.07° ~

! ® Furuseth, Sigrid & Arne Kjekshus, ACTA CRYST., v. 18, p. 320, 1965.




Lt g

s?

P RORPERTIES
AIR PORCE MAVERIALS LABDRATORY | e | NEORRNMATION

ay e W W W s o
AIR FORCEK BYSTEMS COMMAND ! ’ - b

FREPARED BY LLECTRONIC PROPERTILS INFORMATION CENTEN ¢+ KUGHES AIAGCRAFTY COMPANY, CULVER CITY, CALIFORNIA

rr"”' E LECTRONIC
} C ENTER

NIOB1UM~ANTIMONY -M

TRANSITION TEMPERATURE

Lattice Constant and Transition Temperature

Transition .
Foraula Lettice Constant (8) Temperature Notes Ref,
dg Co TC °K '
- 1
1
Nb3Sb 5,263 - <1,02% - - 19559 -
Nb35b>_7Al\.3 - - <4.2 - é ,
Nb3Sb 7Al 5 - - 7.7 -
z
Nb3Al 5.183 - 15.7 - i
NbaCb_gSn 5.267 - - - 13155 $ ;
Nb3Sb,  gSn,. o - - 0 Powders, 16 hrs. 1200°C 19614 o
' . 3
Nb3Sb gSn , 5.270 - - ‘ - 13155 [j ’
NbgSb .. Sn . 5,268 - <5.0 - ‘
Sk - . - }
NboSb .Sn 5.270 6.8 \ fd
Nb.Sb ..Sn ., 5.268 - 10.5 -
0 s LV e}
Nb3S3.68n.u " - 12.4 - | g{
NogSh ,5n g 5.273 - 15.8 - (.
" - S - 12.0 Powders, 16 hrs. 1200°C 19614 L:
N {
I - . ‘[ - BkH i
NbgSb jon o 5,283 18,0 A 13155
Nb_Sn 5,292 - " e - : "
% [Ref. 14387]
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NIOBIUM-ANTIMONY-TIN

TRANSITION TEMPERATURE

Lattice constants and transition temperature

for NbsSb,Sn)_, as a function of composition.

Powoered samples were fired at 1230°C for 66
. hours.,

Lattice constant,
ao (8)

Transition temp.
Te (°K)

Antimony constituent x

{Ref. 13155]

Valence electrons per atom

4750 4TS 4.80 4825
T

18.0

Transition temperature of Nb3SbySni.x
as a function of antimony constituent,
pcwder pressed to 8 tops/cm? sintered N
5 hours at 1200°C.

16.0

Te (°K)

Transition temperature

o) 1iprductive measurement i
i40 A 4
¢ ol 02 03 ®) resistive measurement

Antimony constituent x

[Ref. 153u43]
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TN A R

NIOBIUM-ANTIMONY-TIN

)
TRANSITION TEMFERATURE o
L)
Transition cupves of NbSbeS“l- as & ) o ¢ )
function of the tenperature wztg dif- e I I J
ferent amounts of antimony. % ; —} —
P aR
o ° - Oy . J
S 4 (1] 1] 24 is
E Temperature, T (°K)
[Res. 15343)
NIOBIUM-ANTIMONY
MAGNETIC SUSCEPTIBILITY
1 vV T T T rTYTTrTTr T
ol Y N a N
0 &-a- A——a bt~ NE,SE
afi, . )
o5 |- T g8 g—808— NbSbe -$
-Q.2 bk NbAs -1
= o NbSby

"Dv‘; k W‘M
-05 F P

o8 }- //"'

I SN N WY W VR NN T UH T |

~-03 §- <*___~dr—___Ap_ﬁa_abf::;ﬁﬁgoffi;ﬂ_

[

=L Wbhsg T

J

-

S

Magnetic susceptibility Xg (107 emu/y)

Q190 200 300 400 500 600
Temperature, T (°K)

700

800 900

Magnetic susceptibility for riobium antimonides and arsenides as a fuiction of tempera-
ture. The antimonides were prepared by heating niobium and aatimery at 100¢°C for 2
days, 800%C for 14 days and quenching in water. The arscnides were prepared by heating
niochium and arsenic at 10002C for 2 days, 720°C for 14 days and quenching in water.
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NIQBIUM-TELLURIUM

Thermoeleciric properties of MbTe; as a function of temperature single crystals were pre-

KAGNETIC SUSCEPTI1EILITY ~ o8}
o
:-‘A 6 b.mS.‘
é QD 0.6 i %ﬁbmsﬂ.
Magnetic susceptibility for S‘% 04 OOV R ~Nbu S0
various niobi'w selenides and bt -
tellurides. These values hdave g 02|
nct leen coiractec for induced “ o i
diamagnetism, g~ 00F
P i
o < -C2f
m -
;} !0.4‘_‘lill|lll|l|llillll
- 0 100 200 300 400 300 600 TOO 800 Q0 1000
Temperature, T (°K)
(Ref. 21738]
NIOBIUM-TELLURIUM
 ELECTRICAL RESISTIVITY
l.sL ¥ ~1 l = T— T 1
-~ 14 - 120 ’?
S r—Q 8 5 —
i [ e . gl ol o
s . ~ 0\ [+
E oz .!?&17-_,,‘>_ =100 =
P ) S et Wl o]t
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} b ol =l =
> L0 |- —~“80 | J
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» /X/ eo| A -
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% el "l wl
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@ X Wl 3l &
¢ o6} - i ,/’// 40 g 8,
- ! f,x' _,P i ol g ©
3 / 1/ X ?\
) RAELY o ~ —2 9| A &
£ ”.;,,f” 1 4 gl &
o Q) od
U ol o
et c2t- V- 10 u 5
A 1 .”’
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o] 200 400 600

Temperature, T (°K)

pared by vaper transport from poliycrystalline niobium telluride.

(Ref. 21796]
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SECTION 6
NIORTUM-HAFNIUM, NIOBIUM-
TANTALUM & NIOBIUM-TUNGSTEN SYSTEMS
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NIOBIUM ALLOYS AND COMPOUNDS

NIOBIUM~-HAFNIUM, NIOBIUM-TANTALUM AND NIOBIUM-TUNGSTEN SYSTEMS
GENERAL

Nb-Hé Niobium-hafnium alloys show a transition temperature near that of pure
niobium until the hafnium content approaches 70 at.%. In region>70 at.% hafnium, Hf

is found wi%h the bcec Nb-Hf solid solution and Te data are not available.

Nb-Ta The niocbium-tantalum system comprises & series of solid solutions with
the lattice constant nearly the same throughout. The transition temperature for this

system decreases from about 9°K for niobium to about 4,5°K for tantalum.

Nb--W Niobium and tungsten form a series of solid solutions throughout the
system, The lattice parameters are given to tbout 25% tungsten content and transition

temperatures are given te about 40% tungsten content,

NIOBIUM-HAFNIUM

GENERAL Weight percent hafnium
10 304050 60 70 80 90 100
I LI 1 o L] L] T
~ 2400 :zsu;%m "*--~~~‘ LU o oe—] 4500
s [ +uoun e
=~ 2000 o 000 ©0 o0 o -]
. i 3500
P 1800 |- o singLe pHasE 3
= [ @ Two PHASE 3000
‘:é 1600 i Bsa
+
5, 1400 [ +ogunptay ov 2500
5 1200 L. A MELTING FOINTS
1000 R L ST NEEES L

O 10 20 30 40 50 60 7O 80 90 100
Atomic percent hafnium

Tentative phase diagram for the niobium-hafnium system.

[Ref. 21732}
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NIOBIUM-TANTALUM

GENERAL
Atomic percent tantalum
< 10 20 30 40 506070 920
o 3000y T T T T7TT
o, 2800
= 2600
« 2400
g 2200
g 2000
¢ 1800
g 1s00
= [0}
: 0 1020 40 60 80 100
Weight percent tantalum
NIOBIUM-HAFNIUM
GENERAL

Lattice parameter for niocbium-hafnium
system ac a function of hafnium content,
Samples melted in a helium arc furnace
and homogenized for 48 hours at 1000°C,
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Phase diagram for the niobium-tantalum
system,

[Ref. 21262]
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NIOBIUM-TANTALUM

CENERAL
Atomic percent tantalum

7.6 . .. :
805';0 340 i bt b S |
T e 330 A *Donnay, J., ed. CRYSTAL DATA:
- M - DETERMINATIVE TABLES. 2d. ed.
=% New York, American Crystallographic
E 3ot Lo 1 i | Assoc., 1963. p. 829, ]
£ 01020 40 60 80 (00 ‘
. .

Weight percent tantalum

., Lattice parameter for niobium-tantalum system,
Lattice Constants

Nb, a, = 3.302 8 *#

o
< Ta, ao = 3.3026 A * [Ref. 21262] 3
NIOBIUM~-TUNGSTEN 3
- ¥
GENERAL
- 3.3700 — T T ,
o< 33500 | -
) o
- Lattice parameter for niobium-tungsten %, 3.3300 I ]
system as a function of tungsten content. 3 |
- Standard sample preparation. %’ 33100 7]
‘“ 5 32900 | .
Q.
. o
: S 32700 L : .
i bl '
L o
N 323500 | Nb-W -
‘- 3.2300 1 ! ! 1
0 10 20 30 40 50

Atomic percent tungsten

[Ref. 10778]
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TRANSITION TEMPLRATURL

Transition temperature of niobium-hafnium
cystem as a function of hafnium content,
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E
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Mole ratio Hafnium

NIOBIUM-TANTALUM

TRANSITION TEMPERATURE

Transition temperatures far nicbhium~
tantalum system. The sample preparations
were standard,

[Ref. 12983

]
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Transition temperature of niobium-
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NIOBIUM~-TANTALUM
TRANSITION TEMPERATURE 2 ofN T T T
8 -
Transition temperatures for the niobium-
tantalum system, Powders were pressed
into a rod and melted by the floating zone Tk | -
process, after swaging, further zone-
melting produced a single crystal.
6 - -

[Ref. 12u452]

Transition temperature, T,

Tae
4 | ! ! 1
) 20 40 60 -10] 100
Percent tantalum
i3
: '] 12 |-
i [ g
b~
218 (A o
gz
l O 10
{ =l .
" 09
’ L]
; S osf
5
# orp '\\\\!
5 b \\\‘ﬂL\~ Reduced transition temperatures for
1 e oer niohium-tantalum system.
[
£ ost ‘
: o
{ A oal [Ref. 10778]
u N
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o
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NIOBIUM-TANTALUM

TRANSITION TEMPERATURE

i

. - AT, -
2 ° |
e o | . /
e
;_3 08k o : o -
3 ° | A
ol A
2 ° , I .
. E 04 I &P
1 ° |
& l
< 02¢ i -
o |
0 e :l 1 | ] 1 1 ]
43 44 45 59 60 6.l 6.2 &3 G4 65

Temparature, T (°K)

Transition curve for two Nb 772 z5 samples. The data were taken in a small
alternating field of about lg ke, on thin rods with a length to dlameter ratio

of 15.
o 0
Travped flux 10% o3
hardness (dhp) 122 7€
u'=.%igvg,~where V is measured voltage and V, £ Vg are the secondary coil voltages

in the normal and superconducting states respectively. .
[Ref, 12%52]
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NIOBIUM~TUNGSTEN

TRANSITION TEMPERATURE

Transition temperature as a function of
tungsten content for a niobium-tungsten
system,

Initial Material

o Zone refined Nb
o Powdered Nb

{Ref. 12583]

Transition temperature for niobium;tungsten
system.

[Ref. 12583]
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" NIOBIUM-TUNGSTEN

TRANSITION TEMPERATURE T 10 B e s
22, -
SE: o9 |y i §
o X L0
' o x .
" % o
. + 07 - . 3
Reduced transition temperature for the - 3,
niobium-tunygsten system, 4 06 F k
3 - N
£ oot
5 0§ K - {
a‘ \ -
5§ o4 -
h \ : =
[Ref. 10778] § o03f . -
o~
- .
% 02 | \ - i
5 onf \ - L,
'E) ) | 1 }\ i 1 .
3 O 0! 02 01 04 05 06 07 |
2 Mole fraction tungsten .

NIOBIUM-TANTALUM - ,

PENETRATION DEPTH-AND COHERENCE LENGTH ) -

System Penetration depth Coharence length Ref.
A(0) (R) £ )
Nb;MTa.36 89cC vin2 19930
Nb.u."l‘a.sa - 125 " .
" - " 250 21800
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NIOBIUM-HAFNIUM

CRITICAL FIELD
. Electrons/atoms

SO 48 46 44 42 40
T T T

»
7]
a
o [ T
4
~ 209
: -.-~
- \80 "‘s~
£ ~
¥ 120
4
ﬁ 80 Hr !
3
T 40
]
[
%20 00

Atomic percent Hafnium
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Critical fields for niobium-hafnium alloys as a function of hafnium content, J = 10
(Amp/em2) T = 0.2°K. Standard sample preparation. Hp is the upper limit of the

critical field transition range and is defined:

Hp = (e Af2ug) [1-(T/T,)2]

The Hp value is used to denote (1) the field at which resistance is first measured,
and (2) the field at which full resistance is restored. The rectangles in the ahove

figure and the two values in the following tables show these Hy, values.

Critical Field Strength

[Ref, 11924]

Symbol Values at.% HEf Symmetry Notes Ref,
(kGauss)
(6D I ¢3)
Hp 62.1 69.6 12.5 bee arc-melted 11924
78.9 89.6 25.0 J = 10 amp/cm
91.0 101.6 37.5 Te = 1.29K
102.4 109.4 50,0
99,5 103,5 62.5
95,1 98.8 70,0
83,1 89.7 75,0
83.0 96.0 87.5 hep + bee t
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NIOBIUM-HAFNIUM

TRANSITION TEMPERATURE AND CRITICAL FIELD

Compound Trancistion Flectrical resistivity ﬂp .2°K) t (4.29K) Sample
- temperature Pn(4.2°K) (uft-cm) thausa) kGauss )
T.(°K)
Nb'stf' 75 ,u 02 12“ 15 ,26 ‘rC‘cﬁst
Ly !
.25Hf’75 »h,2 124 17 : >28 cold g?ilod%

(Ref. 21845]

*"pa Paramagnetic superconductivity onset field

f Hu Upper dritical field ‘

NIOBIUM-TANTALUM

CRITICAL FIELD

Sl
~
8 N
o 7} Upper critical field for Nb sTa ¢ as a
P : function of temperature. Tg s 6.L5°K.
EE 6 - .
% 3 ° .
.‘{3 51 from pg graph, 8.5(kGauss)
1t
‘E o " L « theory
b= =]
§, K] 8 ® reasured by resistivity method
s 2t : CRef. 218u1]
1
0 '\ y —_ i N S

0 1 2 3 b 5 G 7
Temparature, T (°K)
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NIOBIUM-TANTALM
CRITICAL FIELD
{ Transition Temperature and Critical Field
Transistion
At.% Ta temperature Critical Field Strength Ref.
T iaKj
c
H H H
cl 3
us w65 < g c? e 21261
50 6,25 - - - - 15477
‘ “ - - - 3.55 (kGauss)  1.72 Hyp  13u8l
67 5.6 - 110 (De) 310 (Oe) 1630 (0Oe) - 14582
s
g BTTTTrTYTTTTYTTYTTT
] 8
& 16 i \ T
w ) Nb-20To(Kgzat8) © ]
::0 1”2 =
wC Mb-10Ta (Ko 2 8T) -
.,‘é a -
: R "N (K= 1.99)
[ g ap .
o
o 2t -
3] PRI SAEPEY GHE NI U |
s £ O 01020304Q05060Q7 0809 LO L2 L3
§: Normallzed temperature, T s TITC
o

Upper critical field as a function of temperature for the following samples, as rolled,

—n, — iy

Ko * Xeg t Xpg. Where x, is the intrinslc contribution to the ordsr psrameter 2.ad Xg
1s the ?mpur£t§ scattsr?ug contribution. Tne values are given for 1 = 0,

; [Ref., 21259]
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NIOBIUM~TANTALUM

CRITICAL FIELD

Ratio of flow resistivity to ncrmal
resistivity as a function of field
strength H, for Nbo STa The t values
are the ratio T/T. for :52 6,15k, H
values are shown gor eacﬁ t and the dashed
line indicates expected behavior at t = ¢,
ch(o) z 8.6 (kGauss).

Regsistive transitions in a Nb'sTa

Resistivity ratio pf/pn.

Hg.t“-)
1.0p
(YN
ost
o4t
Te= 0.98°
0.2

1 e 1 1 |
3 ] 7 ] *

Field strength, H (kGauss)

{Ref., 21841}

2.0
L5
~
>
e -
- S
3 of
»
LA
5]
©
b
o 05}
>
J
0 6

Applied field strength, H (kGauss)

5 sheet 1.5 cm x 0,25 cm x 716 (10™3)em., The data

are take at T= 4,2°K, I = 500 mA and J = 260 amp/cm? ard at different H to J
Hop = 3.55 kGauss and Hez = 1.7 ch' theoretical. The sample was

orientations.,
annealed,
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NIOBIUM-TANTALUM

CRITICAL FIELD

Resistive transitions reduced from voltage
measurements, on a Nb 5Ta

taken at T =

4.2°K and J &

The samples are identical except that
(b) has been annealed.

Resistance ratio, R/Rn

[Ref. 13481]

.5 sheet, Data
200 Amp/em2.

Resistance ratio R/Rn

1 1 T
10 - - ] Resistive transistions in a
Yz, Nb gTa . sheet 1.5 x 0.25 x
i 7.6'x 10-3 em. The data are
08 - g . taken at T = 4,2°K, H|lJ and
/7y different current strengths.
/ // 1.7 Hep The R/Rn values are obtained
06 i~ // // from reduction of the
11 previous voltage data Hqp =
/825 1 3.55 kGauss and K 4 = 1.7
04y 1y, - Hop  The sample was annealed.
[ 56/ /
o2t I,/ / -
| / /7'8 (R
1 /72 ef, 13u81]
[P s .
3 4 5 6 7
Applied field strength, H (kGauss)
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NIOBIUM~TANTALUM

CRITICAL FIELD

o

Flux penetratioa curves for Fb gyTa 35
alloy. Cylindrical rods, zone-refined,

O T=4,29%
° T s 6,0°K
X T = 8,2°

h

[Ref. 22u52]

Galvanometer throw (arbitrary Units)

0 4500 8000 12,000
Applied field, H (Oe)
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Field 3trength, H (Oe)

Transverse and longitudinal
voltages as a function of
magnetic field strength for Nb .5
Ta, g sample. The Hall voltage’
may be derived by substracting
two corresponding curves, The
polarity of the recorder was
reversed in (2) and (3),

zl) H 1’
2) H+
(3) t vl
(%) n,i,

sy vl

.3 ox
x 103
by

amp/cm?

€ a3
non
o W

—

[Ref. 21260]
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NIOBIUM-HAFNIUM 0T T T T T T T T T T 1T T 11
CURRENT DENSITY A M +10% He -
5? %
; Nb+ 1% Hf n
N °
Critical current for two niobium- - /
hafnium wire ( 0.030 in. diam.). The I -
values were taken in a transverse g
magnetic field on arc-melted samples. 3 6k ]
—
8 =
- 10"} -
™
ot
& S N
[Ref. 10778] 10
P N T T N Y A

o 2 4 6 8 10 2 14 16 18
Applied field (kOe)

Critical Current Density

Values (10° Amp/cm2)

Symbol Rolling plane Unrolled Samples Temperature-
H| H |
Jc 2.6 0.08 0.08 25 at.% Hf alloy 4,2°K

arc-melted and

inverted & times.

[Ref., 10713]
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NIOBIUM-TANTALUM 30 T T T T i
CURRENT DENSITY .

a i

£ Lo

= 20 P o i {

o o L v

Y] 4
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z . |

3 10 x ° - '

- 1 ™ {

o

o |

s i

£

° |
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0 %00 1000 1300 2000 2500

Critical current for

Field strength (Gauss)

NbgsTa,g as a function of field.

[itef. 218u3]

Square root of critical current

T v LI

]

Square root of critical current as a function of field for NbggTa,c. S

4000 S000.

Field strength H (Gauss)
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NIOEIUM-TANTALUM

CURRENT DENSITY

Critical current deasity for Nb gcTa g wire
- swaged, Jrawn and auneal.d, The efféct of
- » annealirg time is showm.
L'}
_g a) annealed 30 min, 1473°K, 10™% - 10~Smm Hg
fg:“‘g b) annealed 24 hours, “1800°, ~5x10-2mm Hg
S
iE ¢) annealed 48 hours, ~1800°K, ~5x10-Zmm Hy
< : .
3.0
ot
Iy i
ot 't -
& |
I [Ref. 21848)
.6' L ! 1| )
1,600 3,000 5,000

Applied transverse field, H (Oe)

>
ot 18,000 Critical current density «foyeNb __Ta
o _ .55°%.u458
[~
a alloy cold drawn wire: (a) before an-
% nealing (b) after annealing for 25 hrs.
g hours at § x 10-8 Torr at about
© 1500°C, Data taken at 4,2°K.
o
0
ol

|
& [Ref. 21261]

i IOOO 2000 3000 4000 SO0
i Applied transverse field, H (0Oe)
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CURRENT DENSITY 1g* ' . !
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Critical current density for a Nb gcTa . 6 I '
wire, annecaled 2¢ hours. The data are’ E'a. ot i . .
shown for longitudinal and tranaverse fields. § E o I 1 i
T" O l :
[ -]
.[Ref. 218u8] e | -
b ‘
& o | . L.
|
| 1 /
|
! 1 1 I 1 ’
0 1000 2,000 3000 4000 8,000 CA
Applied field. H (Oe) / -
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g I
v 140 | q
L] .
- 0° Critical current for Nb_ wive, I )
& 120 . 0.125 cm silj.ametqsrvg annealsd £88 1 hour Lo
4 0o at 1100°C and 107° Torr, resiutivity
00} ° o] ratio 3 30. Data taken at 4,2°K with -
1| u. [
~ 1 1 _ J
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Critical current as a functiocn of
transverse field strength for a 1%
tungstes:, niobium-tungsten alloy.

! [Ref, 107731

NIOBIUH=-TANTALUM

MAGNETIC HYSTERESIS

Critiecal current, I, (tmps)

150 r
‘ E 100} ///A\\\
=4
- H ’ A N
2
S
£e O
. H
el X
A
°
=
é? o INOR HYSTERESTS LOOP
[ -50 A 1 1 L |
0 100 200 - 30C 400 500
Field strength H (kGauss)
|
|
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Magnetization for Nb 4
a longitudinal field.
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" [Ref, 21843)
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NIOBIUM-TANTALUM L
MAGNETIC HYSTERESIS !
_ L
€90 Magnetizetion of Ku gaTa oy wire 0.125 cm
i diameter, annealed for 1 hour at 1100°C and 1
~ 300l .*  Nb-To 10'3 Torr, resistivity ratic %30, Data at
. E . 4-".K 30.2 Ko
& . °
< 200l . ¢ ® Magnetization (I1=0) H+ [
€ * © Flux expulsion (Meisgner effect) ‘
T 100 . e, upon cooling in longitudinal field
3 F. veves o 4 & x Hagnetization after cooling at 0,32 l
v L. LI S | kGauss He« 4
¢ O ot ® Paramagnetic magnetization at I.. The
§a R sample is cooled through Tc in constaut t
E ook s o field, )
L .. -
2o \ , (Ref. 20904]

0 200 400 600
Longitudinal field, H (Gauss)

4900
Magnetization uf Nb gsTa 45 wire, swaged, o 7\ ® !
drawn and annealed. Data taken at &,29K, oy T ‘
” [

a) one-stage snnealed, 39 min. at s 0 i
1473°K, 10-4% - 10‘S|nm Hg vacuum, !

b) led 48 h t ~1000°K i 5 00 ——— 3;00 — { '\'
anneale ours a n o~ q P :
~5x10=8mm Hg vacuum, ] E 0 1000 2p00 00 5,000 -

§% wor
{Raf, 2)8u8] L
® 200 ®
o -
-200 L 1 (1 1 J *

-0 1,000 2000 3,000 4,000 5,000
Longitudinai field, H (Oe)
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NIOBIUM-TUNGSTEN

MAGNETIC HYSTERESIS

3

¥ 1000

]

-t

g

ks 0

~ '”

a _0_.0._.0._.&..0.—0'

2-!000 L 1 | | i 1

o 1000 2000 3000 4000 8000 4000 7000
Field strength, H (0c) .

Magnetizaticn as a function of field strength for a niocbium-tungsten alloy (9.2 at .% W)

(a) heavily cold worked
(b) bulk reds (1.2 em x 0,6 cm diam.)
(c) powders 45-60 y-size particles _

e

[Ref. 107781

NIOBIUH;-HAFRIUH Electrons/ataons

[
o

1
- |

1 i 1 i
0 20 40 S0 80 100
Atoms percent Hafnium

§ &5C 48 46 44 42 40
L 180 ™ |
ELECTRICAL RESISTIVITY ¢ /
1 =3 e
_ A N -
Electrical resistivity “.r niobium~ - , y
hafnium syatem as a function of the " 00l o
hafnium content, data taken at 1,29K, Z
X »t
‘?‘. 80 | -
o ©
o) o
[Ref. 11924) 3 60 o
~ 40 -
o
[}
.d
£
b
[
-t
R

% bee

® hcp + bee
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NIOBIUA-HAFNIUM

ELECTRICAL RESISTIVITY

Symbol Values (ufl-cm) at, § Hf Symmetry Method :
o i¢.1 12.5 bee arc-melted !
36.3 25.0 :
57.2 37.5 [ ‘
68,0 50.0 ‘
100.3 62,5 .
114.4 70.G t
124,46 75.0 l;
53,2 87.5 hep + hee
L.
[Ref. 11924]
NIOBIUM-TANTALUM
ELECTRICAL RESISTIVITY '
p \.i
064 -
013 008 )
N R Vi .
‘E 0.060 : - )
§ o £ ’ |
- ¥ oase " [
. 009 a O - . 3
Q - ) - i
O L4
O 0.052 -
8§ oo7 § :
- ] 5
:} 0.05 'g 0.048 -
o ©
“ {
0.03 | i | TN VO SR W | [ 0044 Iz 18
o 200 400 600 800 00D .
Temperature, T (°C) goso v b iy
1000 1200 1430 16G0 1800 2000 :
Temperature, T (°C) :

Resistance for NbggTa,gand NbyoTa,, alloys from 0-2000°C

(Ref, 21252] |
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NIOBIUM-TANTALUM

HALL ANGLE

The Hall angle for Nb
function of magnetic f?eld'sgr
Data taken at 1,3°K,

1) annealed
2) etched
3) cold-rolled

[Ref. 20825]

as a
ength,

.@\\/

439K

i

e
T

Hall .gle E|/E] (10-%)
o
i

/s

b

L3CK
20k |

P

=

-

1

o 4 8
Applied field,

—

e e e t pam en -~

2
H (kOe}

- 20 2| T |
3 [ .. »
oI T T (2 -
= 3
I

10| -
o e
L]
'a\ s |- ,4” -
b3 -
« Prad
- - | 1 I
e~ o 4 5 12 16
=

Field H (i.Gauss)

Hall angle as a function of Field for
Nb gTa g alloy, cold rollgd sheets 22
u thick Py

(Ref, 21260]
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NIOBIUM ALLOYS AND COMPOUNDS

NIOBIUM-RHEN1UM AND NIOBIUM-OSKIUM SYSTEMS i

GENERAL /
! Nb-Re The niobium rhenium aystem forms two distinct compounds, B in the
niobium-rich region and x in the rhenium-rich region, Except fof a fow values given
I in the mixed B8+x region most of the transition temperatures are feportod in the x

rhenium—rich region of the systean. :

l : i

Nb-0s The niobium-osmium system tforms three primary crygtallographic
| structures, o-Mn, ¢, and B-tungsten [Ref, 17299). This lsttor’gtructups gives the
lovest T, of the three crystalline forms, 1.05°K [(Ref, 20332] ﬁhile the a-Mn gives

! the highest T. 2.52°K [Ref, 17299], '
»

NIOBIUM-RHENIUM

0 10 20 30 40 © v & *0 100
[-r'—r"r“r AR Y v A
~ 3200 !
GLNERAL ® MELTING OBSLAVLD ,"1
L O ONE PHAST 7
3000 0 TWD PHALE - 1

© THAKE FrAK (nON -tM'“IW
2000 }+

,

|
Proposed phase diagram for niobium-

2600

2400

2200 -

rhenium sgstem.

y - 1400

Temperature, T {(°C)
§ 1 8
(-]
o g
c
(2]
PP LY LY, L ctotius

i . 21
[Ref ) ﬁzal] w00 =ﬂw:l‘ll ey : : 4
| ) 800 e e ] i i i i N
( : 0 10 20 30 40 80 & O W0 W 100
Atomic % Rhenium

[ ) ' 200
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NIOBIUM-OSMIUN

GENERAL

! \

\

Appearance of different phases in the
nlobium-osimium system.

(Ref, 20718]

NIOBIUM-RHENIUM

s e

Sigma phasas exiete
from 30-54%, Os and chi phase from 55-65%0s,

e

- =
i |
g g |
% =)
g (|
URER
Ql I T |
S i !
N

At.% osmium

GENERAL
- 3,30 T T 1 v
ocC
S - €
(o]
o
«
1)
[ ]
&©
§ 3=t -
Y
ol
“
3
) 3.201 ~
1 1 o 1
0 10 20 30 40

Lattice parameter for Lcc njobium-rhenium system.

[(Ref. 21231}
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NIOBIUM~-RHENIUM
GENERAL
!
b T T
og *
o A
& o1 |- R
!
a
o oy
< e}
£ T
8 .
1 1 . ]
60 70 80 »0 :
Atomic § rheniun {
Latiice paraumeter for a-Mn, niobium-rhenium system. |
!
|
{Ref. 21231]
NIOBIUN-OSMIUM ]
(20 "
GENERAL - .
\
2T
’ .
Lattice constant for a-Mn Nb-Os system,

Lattice constant a, (R)

DCT—
| W
{Ref, 21851}
" % 7 ) ) o0

Atomic percent osmium
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NIOBIUM-RHENIUM

TRANSITON TEMPERATURE

-~ S PRI e .

Lattice Constant and Transition Temperature

At, % Re Lattice constant ® Transition Temperature Symmetry Notes Ref,
a, o T (°K) AT+
20 - - 4.8 - Nb, bec Composition given 10784
as Nb“uRe
25% 3.228 - - - " As melted, 20625
annealed 1000°C,
7 days.
50 3.194% - - - " As melted. 20625
" 9.783 5.115 - - o -tetr " 20625
" 9.79 5.10 3.8-2,0 - " Cooled from 1250°C, 9686
60 9.781 - 2,36 0.2 a-Mn Cooled from 1250°C. 9686
- - 2.0 - " - » 7648
3,773 - - - " Cooled from 9686
melting point, 6.2
electrons/atom. '
9,77 S.14 2,5 0.2 g=tetr " 9686
62 - - 2.45 - a-Mn 6.24 electrons/ 15323
atom,
82 - - 8.89 - " - 7648

TAT is the width of the transition region

* HbjRe, CujAu type, ao = 4.207 R, sample preparation HCl transport method [Ref, 21843]

203

r.-"mj .




R

ﬂ" | B LEeTRORNIS
P ROPERTIES
AR FORCE NATERIALS LASOBATORY j Jl BmIC 1| NESEMATION

AIR FON(..IO . IMI COMMAND g E ﬁ'f‘fgréj

=14

PAIPANKD BY FLECTRONIC PHOPERTIES IN/ORMATION CENTER « HUGHES AIRCRAFT COMPANY, CULVER CITY, CALIFORNIA |

LUULUH-URHIUf

TRANSITION TEMPERATURE

Lattice Constant and Transition Temperature
Lattice Transition Llectrons/
At.$ 7s  Symmatry constant(R) temperature atom Notes Ref,

a, <o T (°K) :
- = |

25%  B-tungsten . - - 1,05 5.8 - 9620
" " 5.1359 - < 1.7 " Standard sample 18750 \
_ preparation, ;
I 40 o tetragonal 9.053 5.066 - 6.2 Arc-melted in a 20625 }
{ gettered argon ;
atmosphere, :
" tetragonal 9.844 5,056 1.78 " - 17299 i
! 50 a manganese 2.778 , - - 6.5 Arc-melted in a :

i gettered argon

atmosphere. ?
67 " - - 2,92 7.0 17299 ’

—

* Nb,0s, Cu,Au type, 35 = %.207 X, sanple prepared by HCL transport method [Ref. 215u43)

Atomic porrent osmium N
10 29 3Q
'ol T T T T T i
J
o ao‘i -
b4
S 3
€ a0 H 1
[~ g Transition temperature for niobium- - |
& Tt _ . osmium gystem, i
& |
2 ;
%» |
8 |
ot ) . :
H 5o : - }
4
2 ;
1' £ 40 . (Ref. 1uu68)
{ A
.
30 1 L L 1 1 H |

50 34 52 53 54 55 56 57 5.8 89 €O

[—

Valence electron concentration
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NIOBIUM-RHENIUM I

DEBYE TEMPERATURE ' [ |
< 1
A
% i
$33%1|ﬁ|-|11v1r11r11_ . L
@ 320 . i
; e N Debye temperature for thres niobium- -
! 300 5 rhenium alloys with A 12-type crystal
o 290 - structure. [
& A NbgeRegy '
ézso = & NbggRey, ’ 1 . ’ - e
bt 270 - (-] Nb.oﬁ..g T ‘
o 260 U N U W U T T B T Y [RCf.lu“s“] {?
z" o 2 4 &6 8 10 12 14 16 .
8 Temperature, T (°K)
[
1
L,‘ h
NIOB1UM~RHENIUH | Temperature, T (°K) | 4
3 T T L T T .
SPECIFIC HEAT £ oL RO‘? ] , %
o - o B ! 3
- b 3 o [ ‘
e ' ‘
25 20 |- 2
g & F ]
Atomic specific heat for these niobium- ..':.E‘L - 4 -
rhenium alloys with A 12-type crystal &9\ 0 - ] v
structure. ' @8 L A NbggRage- :
o™ - @ NbdggRey
§ © NeggRego)
[Ref. 1uu64]) b 1 i I 1 o
< (+] 50 100 150 200 250
Temparature, 12 (°K?)
L 1
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RESEARCY AND T!CHN O aY l 2 3 )
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NIOBIUM«RHENIUM

SPECIFIC HEAT

MAND

MAGNETIC SUSCEPTIBILITY

comparison.

Susceptibility of nicblum-rhenium system.

Magnetic susceptibility

Eels

E LECTRONIC

F RBORPERTIES

| NEORMATION
C ENTER

Thermal Properties

Coefficient of Elecironic

e p—

specific Heat. Debye Temperature N{O)V
Y o ¥

Formula (10" cal/°k? mole) (°K) (cal/°K? mole)d Ref.

4
t 340 15323

Nb.SSRe.Bz 6.4 300 t 10
L.

NIOBIUM -RHENIUM

Atomic percent Rhenium

0 100.0
1
200 1 oNe
150 -
00 - £\
\a\w
i L bcc‘ i

$0
50 52 54 56 58 40

Electrons/atom

Data are

® Nb-Re

X Nb-T¢

% Nb-Mo
206

given for Nb~Tc &nd Nb-Mo for

{Ref, 19617]
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g - ~ - g A y B g B N R __ B N —
NIOEIUM-RHENIUM AND NIOBIUM-OSMIUM —~
MAGNETIC SUSCEPTIBILITY '

|,
x (10-6 x at (10-6 X (10-€)* ;
Formi:la cm3/ g) cm3/g Symmetry Notes s
Nb_soRe. 50 61 8500 880 a-Nn Cooled from 1250°C, ;
Nb_yoRe. 60 66 9800 1000 o Cooled from ~2400°C.
Nb'soos'qo N " Q90 " " {
Wb :00s 50 60 8500 890 ————a-Mn "
* Volume susceptibility, 300°K.
tRef. 968t] .
L.
»
L
i
!
{
i
-
..
[
{
[!
207 . La
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NJIOBIUM-IRIDIUM AND KIUBIUM-PLATINUM SYSTENS

LATTICE CONSTANT AND TRANSITION TEMPLRATURE

PREFPARED BY ELECTRONIC PROPEATIES INFORMATION CEMTER + MUGHES AIRCRAFY COMPARY, CULVAR CITY, SALINDRMIA

Nb-Ir
; Lattice Constant Yraasition .
j At.% Ir  Formula Symmeiry Value (R} temparature Noten Ref.
) &, C ¢
c
| 15 Nb + Ir bee 3.262 - - as melted 20625
t 25 Nbalr 8-tungstien - - 1.7 - 9625
" " 5.139'\\ - - as melted 20625
! 37 - d tetr, - - 7.8 - 7648
2 " - " 9,85 ~§.06 2.4 midpoint - 9686
- N 0.1 width - "
' 40 Nb31r2 9,834 5,052 9.8 . - 17299
1 50 - fcc 3.895 N _annealed 20625
' 75 NbIry . 3.895 - \\<; 3 days 20331
. 1200°C
{ N\
| .
{
|
[
NB-Pt
1 Transition
&t.% Pt Symmetry Lattice constant (%) temperature Notes Ref.
° .
E a, 7b° €, To (°K)
25% 8-tungster 5,153¢,003 - - 9.2 20332
37,5 g-tetr 9,91 - $5.12 3.73 - 17299
E " " - - - 4,2 - 15323
38.0 oo 9.91 - 5.13 4.01 annealed & 9686
quenched :
{ 52,0 orthorhombic 2.780 4,983 4,611 - - 20357
! 75.0 " 5.534 4.873 4,564 - - "
" monoclinic 5,537 4,870 27.33 - - "
i % NbsPt, CugAu type, & = 4,207 R. sample prepared by HCl transport method[Ref, 21643]
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THERMAL PROPEFTIES

Goefficient of Electronic

Specific Heat Debye Temperature ({914
y x 107 8 Y
Formula (10"Ycal/mole °x2) (°K) (cal/mole °KZ)-1  Ref.
Nb g25Pt, a7y 9.1 ¢ 0.2 335 & ¢ . 260 15323

v, ©, and T, from preceding table wers all taken on one sample.

NIOBIUM-PLATIRUM

... MAGNETIC SUSCEPTISILITY

-6 -6 -6 -6 =6 )4
Xeoth (20 Xadd (19 x (10 Xat (10 X (1076) Crystal-
System emu/g. at) emu/g. at) _ cul/g  cmi/g lography
Nb Pt 3gt 67 40 51 6700 660 o

Xjon ¥ Xpaull ¥ XL.p. ¥ Xadd [Ref. luucu)

s

XL p Landau-Feieris) electrc..c specific heat contribution.

R
Xtot

t Nb.GQPt 38 cooled from 1300°K. [Ref, 9686)

#** Yolume susceptibility, 300°K.
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Y

| WIOBIUK ALLOYS AND CONPGUNDS ’

NIOBLUM-GOLD SYSILM
GENERAL

Nb-Au Of the four niocbium-gold coapounds only the Nb Au shows a transition
temperature. This compound tskes on the B-tungAten structure primarily; however, by

quonching carefully an A 2 structure i3 foimed which shows a much lower T, e

i.
Niohjum«Gold Crystolline Phases
Coupound Stru ture Crystal
NbsAu Cubic A 15 (B-W)
NbjAu Cubic : A2
Kb, Aa Tetiagonal D17 Y4 /mom )
: 3772 8 %h ™,
| . N, Aug Cubtiic 8~Mn N
E l, NbAu, Bax_gonal ‘ ALB, Y

[: 210
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PREPARED BY ELECTAONIC FROPERILE INFORMATION CENYER ¢ HUANKE AIRCRAFT COMFANY, SULY A CITY. CA LIPORNIA

T3

NIOBIUN-GOLD ' ‘ - i

GLNERAL
T |
a2
ﬁf o AlS
8 82
~ 49
E 33
52 A A2 —~
g oy i ‘ﬁ..
8 | R
L ]
- -
| 1 L
0 0.8 |
NogAu VaAu

VANADIUM COMPONENT, X

Lattice constant of (Nb1.xVx)3 Au as a function of corposition,

~

tra,

. N
A 13 crystal stracture, annealed N
a A 2 crystal structure, quenchud .
- (Pef. 15269]

\-

N

.Both binary éompOQnda Nb3Au and Vahu, &8 ggliﬁas the tftﬂunwrkbsﬁuuvsAu, for.a
into the ¢ 15 structure when prepared andglcf{ "as cast". Bucler et al JRef, 151833
wera able o convert this A 15 sawple t;'an A 2 type strucgurﬁ.vith arqgmnching 1n§hod
of ilowing cold srgon onto';hd“malt {mmediately after 1ntarruptins.ﬁht p}inﬁ:y current,

The return o’ these A 2 samples to A 15 structure was accomplichiad by ennesling:

+7 Nbahu 20 hus at 305:°C
’ " 1/2 hr st $00°C
Nb,Au-V 4Au 27 hrs st 830°C .
Vahu 6 hrs at 760°C
. 211
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NIOBIUM-GOLD

TRANSITION TEMPLRATURL

SNTER ¢ HNUGHET AIRCRAPT COMPANY, CULVER CITY, CALIFORNIA

(]

Lattice Copmtents and Transition Tompocrature

e Trans{tion
Lattice constants (A) Temperature
At %Au Yormula & <, T, (%K) Symretcy Ref.
254 Nb Ay 5,21t 001 - - g-tungsten(a 15) 20025
l - - 10.6 15608
! - - 11.5 8620
l - - 11.0 151689
302& - 1‘2 A 2 L
40 Nb3Au,
ghig  3.38 5 x 3,04 . DL 1y /onmm 20226
45 Nb;,Aug 7.05 - - 8-} anganes? "
67 Nb.t\u2 4,61 2,72 - AlBj . "

. NbaAu‘Cua.\u type, ap = 4.207 ﬁ. sample prepared by HCl transpor. method [Ref. 21843)

4'4",—-
|

’\t i
3l
= ™

THANSITION TEMPERATION T. (%)
o

N
! - ‘\h\ -~
2 o i
i SN
N
0 0 20 h o}

ATOMIC PERCENT CLD

Trensition temperatura of niobium-gold system as
a function of atomic percent geld, Welow 28 5t.%
gold there are traces of A 2 structure present in
the A 15 siructure.

2 A 15 crystal structure,
annealed

4 A 2 crystal structure,
quenched

{Ref. 15189}
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Pressure-temperature phasez diagren for NbsDi,

N i s o O 00T

don b
B 1t e

{
o
2
O B~-tungsten ~ ;
y e} E
r o bce 3 el 1
; 6 B}
F é [Ref. 17303] A i S P r 1 1 j
00 900 105 1100 1200 LOOROOOU A
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Metals and Superconducting Materials

DS-141 Niobium. D,L. 3rigsby. November 1364, 106 p. (AD-608 [96)
DS-148 Niobium Alloys and Compounds. D.L. Grigsby. January 1966. 227 p.
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Semiconductors

DS-116 Aluminum Antimonide. M. Neuberger. September 1562. 43 p. (AD-%12 676)
PS-147 Bismuth Selenide - Bismuth Telluridc Sysiem. M. Neuberger. December

1965, 145 p. I
DS-134% Cadmium Selanide. M. Neubergar. November 1963. S4 p. (AD-42b 216)
DS-124 Cadmium Sulfide. Summary review and Data Sheets. M. Neuberger. April

1963. 155 p. (AD-413 667) l

DS-101 Cadmium Telluride. M. Neuberger. June 1962. 49 p. /(ED-HlS 331)

o
DS-112 Gellium Antimonids. M. Neuberger. October 1962. .51 p. (AD-413 775)
DS-184% Gallium Arsenide. M. Neuberger. April 1955, 152 p. (AL-u65 160)

D5-146 Gallium Phosphide and the Galliuw Arscnide-Galilum Phosphide System.
M. Neuberger. July 1965. 94 p. (AD-#567 537)

DS-143 Germanium. M. Neuberger. February 15%5. 236 p. (AD-610 828)
DS-121 Indium Antimcnide (2nd Ed.). M. Neuberger. December 1965. 29! p.
DS-109 Indium Arsenide. M. Neuberger. June 196%, 57 p. (AD-413 692)

i DS-102 Indium Phosphide. M. Nelbergsr. Jur: 1962, 29 p. (AD-4lL B47) !
‘ DS-103 Indium Telluride. M. Neuberger. June 1962, 27 p. (AD-414 896) -
# DS-116 Lead Selenide. M. Neuberger. Decembeyr 1962. 43 p.  {AD-437 310)

DS-113 Lead Telluride. M. Neuberger. October 1962. 35 p. (AD-u437 311) L
? DE-104 Magnesium Silicide. M. Neuberger. June 1962. 14 p. (AD-414 £95)
DS-114 Magnesium Stannide. M. Neuberger. November 1962. 23 p. (AD-413 825)
) DS-137 Silicun. M. Neuberger. May 1964. 208 p. (4D-501 788)

DS-14S Silicon Cardbide. M. Neuberger. June 1965. 105 p. (AD-465 161)
D3-133 2Zinc Oxide. M. Neuberger. OCctober 1963. uu p. (AD-425 212)

D5-132 Zinc Selenide. M. Neuberger. September 1963. 25 p. (AD-42] 964}

DS-135 Zinc Sulfide. M. Neuberger and D.L. Grigsby. December 1963. 72 p.
(AD-427 288)

f DS-108 Zinc Telluride. M. Neuberger. June 19€2. 24 p. (AD-413 939)

Additional Publications

$-7 Glessary of Electronic Properties. Emil Schafer. January 1965. 806 p. o
{AD-616 783) ‘

EPIC Bulletin. v, 1, no. 1, January 1965-. A monthly two-page news sheet k
containing items of interest to many of our users.

Electrical and Electronic Properties of Materials. Information Reirieval Program.
Technical Documentary Report No. ASD-TDR-62-539, June 1362, Final Report
{Covers work fromn July 5, 1961 - June 15, 1962, H.T. Johnson, E. Schafer
and E.M. Wallace, 219 p. (AD-289 546)

Ibid. ASD-TDR-62-539, Part II, April 1963, H.T. Jchnson, D.L. Grigsby, and D.H.
"~ Johnson {Covers work from June 15, 1962 - December lu4, 1$62), 122 p.

(AD-407 550)
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Ibid, ASD-TDR-62-539, Part I11, April 1964, H.T. Johnson and D.H. Johnson
[' (Covers work from January 22, 1963 - January 31, 19G4), &0p.
(AD-602 u411)

The Zlectronic Properties Information Center, Technical Report AFML-TR-65-G8.
March 1965, H.T. Johnson and D.L. Grigsby (Covers work from Fsbruary 1,
1965 - Canuary 31, 1985), 850 p. (AD-466 10u)

{ (The four.previous reports, ASD-TDR-62-539, Part I, 1I, and I1I, and AFML-TR-
65-E5, are progress reports that describe the establishment, purposs:,
operation. , programs and accomplishmenis of EPIC.)

Electronic Properties of Materials; A Guide to the Literature. Edited by
H.T. Johmson. 2 v. New York, Plenum Press, 1965. 2000 p. $150.00,

Interim Reports

i 1. Selected Electret Bibliography. August 1965. 58 p.

2.  Electrical Conductivity and Resistivity of Selected Metals and Alloys.
No Date. 16 p.

J 3. Electrical and Hagnetic Properties of the 300 Series Stainless Steel.
July 18, 1355, 12 p.

4. Compilation of Infcrmation on High Eiectriczal Conductivity Copper Alloys.
August 17, 1965. 49 p.
5. Behavior of Dielectric Materials and Electrical Conductors at Cryogenic

Temperatures. (A Bikliography.) August, 1965. 87 p.

£... A Bibliography of Superconductor Devices and Materials. August, 1965.
1l p.

7. A Compilation of References on Charged Transfer Complexes and Compounds,
August, 1965. 18 p. '

8. A Biblicgraphy of Holdings on Thermcelectric Properties of Copper, Gold,
Silver, and Their Alloys. August 2z, 1965. 13 p.

9. A Bibliography of Hcldings on Thermomagnetic Properties of Selected Metals.
Aygust, 1965. 33 p.

10. A bibliography on High Temperature Dielectric Materials. November, 196S.
10 p. -

11, A Bibliography of RFI and Electromagnetic Shielding (including Shieclded
Rooms). October 11, 1965. "3 p.

12, A Bibliography of liigh Temperatures Electrical Conductor keferences.
November, 1965. 4 p. -

13. A Bibliography on Encapsulation, Embedment, and Potting Compounds.
December 22, 1965. 98 p.

14. A Reference List on Tit°nium Oxide Dielectric Films. January 11, 1966.
1l p.

| 15. A List of Ultra High Frequen-y References Containing Materials/Property
Data. January, 1966. 3 p. .

e

16. A Compilation on Silver-Cadmium and Nickel-Cadmium Battieries. January,
| 1966, 60 p.

17. A Selected Biblicgraphy and Da.2 on Boron Nitride. Janvary 1966. 69 p.

{ 18. A Bibliography on Tantalum Metal Films for Elsctric Applications and
t Related Information. January, 1966. 6 p.
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Copies of EFIC reports may be obtained by sending your request to the

Electronic Properties Information Center (Bldg. 6, Mail Sta. E-148), Hughes Aircraft

Co., Culver City, California 90232, as long as copies are available. Wken our
initial printing is exhausted, copies may be obtaired from the Defense Documentation
Center (DDC) by those having access to this service. For ordering purpores, AD
numbers are fuynished, when available, to assist established DDC users in obtaining
these documents by submitting a standard Document Request Form (DDC Form 1) to the
Defense Documentation Center, Cameron Station, Alexandria, Virginia. Other reques-
tors may order these reports which may be available by AD number and title from the
Clearinghcuse, (CFSTI), U.S. Department of Commerce, Springfield, Virginia. Pre-
payment is required unless purchases are to be charged to a.Superintendent of
Documents “special deposit account". Checks or money orders should he made payable

to the "National Bureau of Standards -~ CFSTI".
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